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ABSTRACT 


This  Final  Report  summarizes  the  work  performed  in  accordance 
with  contract  AF  33(6l6)-6730.  The  purpose  of  this  study  was  to 
develop  a  bettor  understanding  of  the  physical,  chemical  and 
mechanical  relationships  involved  in  developing  realistic  parameters 
for  specification  purposes  for  the  application  of  oxygen  to  missiles. 

The  significant  sources  and  degree  of  contamination  are  supplied  as 
a  background  survey  and  the  current  specifications  for  liquid  oxygen 
and  ground  support  equipment  arc  discussed.  Recommendations  for 
liquid  oxygen  specifications  and  for  equipment  operation  are  presented. 
Sources  and  mechanisms  for  ignition  of  Laquid  Oxygen  systems,  factors 
related  to  solid  contaminants,  cleaning  and  purification  of  oxygen  equip¬ 
ment  and  handling  systems  have  been  included.  Also  as  part  of  this 
contract,  the  contractor  developed  safety  standards  for  use  in  high 
pressure  oxygen  and  helium  gases  for  later  incorporation  in  the  Liquid 
Propellant  Safety  Manual  published  by  the  Liquid  Propellant  Information 
Agency.  As  part  of  this  program,  a  three-month  analytical  survey  was 
made  at  Cape  Canaveral  and  summarized  herein. 


A  bibliography  and  Appendixes  are  attached. 
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OvRj’  the  past  several  years,  several  groups  and  agencies  associated 
with  rocket  propulsion  have  been  concerned  with  the  quality  of  liquid 
oxygen  required  to  insure  reliable  performance.  The  work  of  these 
groups  has  resulted  in  several  sets  of  recommendations  and  specifi¬ 
cations,  each  of  which  reflects  the  opinions  and  viewpoints  associated 
with  the  group's  specific  problems.  This  present  program  was  esta¬ 
blished  to  provide  assistance  in  resolving  the  different  viewpoints  and 
to  present  current  information  and  guidance  to  users  of  liquid  oxygen 
and  designers  of  liquid  oxygen  liandling  systems. 

In  July  1959,  Air  Products  and  Chemicals,  Inc.  was  awarded  a  study 
contract  to  investigate  the  significance  of  contaminants  of  liquid  oxygen, 
the  sources  and  degree  of  contamination,  and  on  the  basis  of  tliese 
findings,  to  establisli  design  criteria  and  recommended  procurement  and 
use  limit  specifications  for  the  missile  liquid  oxygen.  This  study  in¬ 
volved  a  background  survey  intended  to  identify  the  various  soluble  and 
insoluble  contaminants  which  arc  found  in  liquid  oxygen,  and  Iheir  com¬ 
patibility  with  liquid  oxygen  and  with  each  other  under  the  environments 
which  are  encountered  in  liquid  oxygen  systems. 

Sources  of  contamination  and  factors  relating  to  prevention  of  occurrence, 
solubility  of  each  contaminant  in  oxygen,  lowc'r  explosive  limits  for 
flammable  contaminants,  and  general  important  physical  and  useful  con¬ 
stants  of  oxygen  in  all  conlaminants  as  related  to  each  other  were  to  be 
investigated.  These  data  were  to  be  correlated  and  used  to  determine 
practicable  tolerable  limits  for  i)roduction  and  use  limits  for  missile 
oxygen.  Inasmuch  as  it  was  recognized  that  the  problems  of  sampling 
and  analyzing  for  impurities  in  liipiid  oxygen  are  difficult  and  that  the 
ulilizaticm  of  realistic  specifications  for  liquid  oxygen  require  the 
selection  of  both  sampling  methods  and  analytical  techniques  suitable  to 
fulfill  the  r('(iuiremenl>;,  a  study  of  methods  of  dc'tection  and  analysis  was 
included  in  tiu'  agenda.  It  involved  a  review  of  sampling  procedures  and 
devic('S.  laboratory  and  field  analytical  procedures,  and  equipment. 
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Phase  II  of  the  [)rogram  involved  a  review  of  the  liardware  and  pro¬ 
duction  system  design  concepts  and  the  recommendation  of  factors 
I’elating  to  these  concei)ts  which  will  reduce  or  minimize  contamination 
and  facilitate  the  itmpection  and  cleaning  and  increase  operational  study. 

Phase  III  requested  recommendation  of  definitive  specifications  of 
procurement  storage  or  load  limits  or  end  use  limits  foi’  missile 
liquid  oxygen,  including  sucli  quality  control  procedures  as  are 
necessary. 

In  May  1960  this  program  was  expanded  to  cover  an  investigation  of 
the  sources  and  meclianisms  for  ignition  of  contaminated  missile  liquid 
oxygen.  This  included  such  experimenhil  programs  as  were  deemed 
necessary  to  verify  existing  data  in  this  field.  Such  variables  as  rates 
of  charge  builduj),  system  geometry  and  dynamics  of  the  phenomenon 
of  static  electricity  in  liquid  oxygen  systems  were  to  be  covered.  Other 
possible  soui’ces  and  mechanisms  for  ignition  such  as  were  considered 
of  importance  were  to  be  added.  By  this  time,  the  peculiarities  of  the 
solid  carbon  dioxide,  liquid  hydrogen  system  has  been  noted,  the 
possible  effects  of  the  existence  of  solid  carbon  dioxide  in  the  missile 
fuel  oxidant  had  betni  considered  and  a  request  for  determination  of 
the  factors  relating  to  solid  contaminants,  particularly  solid  carbon 
dioxide,  were  requested.  This  involved  determination  of  the  factors 
relating  to  the  agglomeration  of  small  crystals  or  particles  of  insoluble 
contaminants  such  as  carbon  dioxide  and  the  heavier  hydrocarbons, 
determination  of  their  effect  on  oxygen  systems,  and  recommendation 
of  limits  for  operating  conditions.  Recommendations  for  proper  opc'ra- 
tional  conditions  to  reduce'  or  eliminate  the  solid  contaminants  were 
also  to  be  i)rovided.  This  involved  a  thorough  investigation  to  determine 
the  relative  merits  of  the  different  types  of  filters  for  removing  solid 
material  from  liquid  oxygen.  Specific  filters  were  to  be  recommended 
and  if  commercially  available  ('quipment  was  not  suitable,  design  criteria 
were  to  be  developed. 

As  a  normal  outconu'  of  the  work  doin'  to  this  point,  Phase  VI  of  the 
expanded  program  requested  development  of  uniform  cleanliness 
standards  for  oxygen  eciuiiiment.  Specifically  declared  beyond  the 


2 


scope  of  tliis  coiifraci  was  llie  development  of  rleanin[^'  apenfs.  equii)- 
menf,  and  techniques.  Howc'ver.  development  and  I’ecommendation  of 
suitabh'  mc'ans  of  inspection  and  sui’veillance  of  liquid  oxygen  systems 
to  assuia'  pi-o])('i’  cleanliness  was  required  as  was  a  study  of  nudhods 
of  ix'moving  conlaminalioii  from  liquid  oxygen  at  the  storage  site  and 
the  recommendation  of  the  use  of  such  techniques  to  reduce  the  disposal 
of  contaminatefl  oxyg('n  and  reduce  the  nec'd  for  stringent  cleaning 
requirenK'iits  of  oxyg('n  systems. 

In  the  study  of  tlu'  design  concepts  under  Phas('  II  of  the  original 
program,  it  iK'came  obvious  that  the  liquid  propellant  safety  manual 
did  not  jirovide  safe  handling  instruetions  for  the  high  pressure  gases 
used  in  the  ground  su])poi't  systems,  therefoia'  Phase  VII  of  this  pro¬ 
gram  involved  the  production  of  three  chapt(’rs  for  the  Liquid  Propel¬ 
lant  Safety  Manual  covering  safe  handling  procedures  for  high  pi’essure 
gaseous  oxygen,  nitrogen,  and  helium. 

As  this  study  progi'am  progressed  furlhc'r  it  bc'came  f)bvious  that  there 
would  b('  considerable  advantage  in  having  available  data  developed  by 
an  on-site  sampling  program  which,  might  be  conducted  at  Cai)('  Canaveral 
or  Vandenberg.  Supplemental  Agreement  No.  2  to  the  contract  was  then 
evolved  and  during  Jaiuia ry,  February,  and  March  of  1961  a  continuous 
sampling  and  analyzing  program  was  (’a,rri('d  out  with  the  sampling  done 
using  the  Air  Products  sampler  at  Cap('  Canaveral  and  using  the  newly 
dev(doped  Multi-Contaminant  Analyzer  at  the  R(\search  and  Development 
Cent('r  at  Fmmaus.  Ih’itnsyl vania  for  the  analytical  i)has(\ 

A  Summary  Progri'ss  Ib'port  was  issued  in  .Inly  1960  covering  the'  first 
year's  work.  This  final  r(q)ort  includes  that  information  and  also  the 
work  doin'  since'  July  1960  on  the  first  and  sc'cond  supplementary  agix'e- 
ments  attaclu'd  to  (In'  contract.  Recommendations  ffir  additional  work 
which  should  Ik*  jicrfoimu'd  a ix'  also  included. 
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II.  DISCUSSION 


This  study  was  not  aiiiK'd  spc'chfically  at  the  uiUierstaiiding  of  the 
reasons  for  operational  malfunctions.  Rather,  by  logical  evaluation 
of  the  potential  role  of  contaminants,  it  was  the  intent  to  develop 
rational  criteria  for  determining  realistic  limits  for  these  contami¬ 
nants  in  licpiid  oxygen  as  produced  at  the  air  plant,  as  delivered  to 
the  pro[)ellant-loading-system  storage,  after  storage  for  various 
periods  of  time,  and  for  reuse', 

SIGNIFICANCE  OF  CONTAMINANTS 


Types  of  Contaminants 

Three  types  of  contaminants  were  of  concern  in  this  program: 

(a)  combustible  contaminants,  solid  or  dissolved,  which  may  constitute 
a  fire  or  explosion  hazard  to  both  general  safety  and  equipment; 

(b)  solid  inert  contaminants  which  may  contribute  to  mechanical  mal¬ 
functioning  of  the  propellant  loading  system  or  the  rocket  engine: 

(c)  dissolved  inert  contaminants  which  may  affect  the  rocket  thrust 
or,  under  certain  circumstances,  might  interfere  with  engine  ignition. 

Combustil)le  Contaminants 

Combustible  contaminants  are  considered  to  bo  compounds  which  will 
react  with  oxygc'ii  upon  suitable  ignition,  producing  sufficient  heat  of 
reaction  to  raise  the  temperature  of  the  reaction  ))roducts  to  the 
ignition  temperature.  Typical  combustil)le  contaminants  are  methane, 
acetylene,  ;uid  butane.  In  a  few  cases,  notably  acetylene  and  ozone, 
the  heat  of  dc'composition  of  the  compounds  themsc'lves  is  sufficient  to 
raise  the  temperature  of  th('  decomposition  products  to  this  temperature. 
This  phenomenon  will  be  discussed  briefly  in  a  following  sub-section  on 
"Initiation". 

The  hazards  of  combustible  contaminants  arc  obvious  and  of  great 
importance.  Considerable  injury  and  damage  from  fires  and  explosions 
have  rc'sulted  fi’om  the  reaction  of  combustible  contaminants  in  licpiid 
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oxygen  systems.  Although  emphasis  in  t!ic  following  discussions  may 
be  placed  on  particular  combustibles  such  as  methane  or  acetylene, 
the  statements  made  will  generally  apply  to  all  combustibles. 

Dissolved  Combustibles 

In  order  to  support  ignition  in  liquid  oxygen,  dissolved  combustibles 
such  as  metliane,  must  be  present  in  concentrations  sufficiently 
high  that  the  lieat  of  reaction  raises  not  only  the  reaction  products 
but  also  tlie  excess  liquid  oxygen  to  the  ignition  temperature.  Thus, 
a  limiting  concentration  called  the  "lower  explosive  limit"  or  "lower 
flammability  limit"  (LFL)  is  associated  with  the  presence  of  insuf¬ 
ficient  fuel.  Any  concentration  of  combustible  at  or  above  this  limit 
is  flammable  and,  therefore,  extremely  dangerous  and  must  be 
avoided.  It  should  be  pointed  out  that  the  LFL  is  affected  by  the 
external  factors  such  as  pressure,  temperature,  and  type  of  ignition. 

Tlie  LFL  of  a  mixture  of  combustibles  is  a  function  of  both  the  con¬ 
centration  and  the  LFL  of  each  combustible  in  the  mixture  (21). 

The  contribution  of  each  combustible  to  the  flammability  of  a  mixture 
of  combustibles  may  bo  deducted  from  the  following  approximate 
equation: 
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This  (Hiu.il  i(»ii  illusi  iMlcs  (tu  jjfinciph'  (if  "addil  i  \’('  conla  inination" 
whicli  is  discussed  Ixdow,  ■’Mepiaa  ef  Conia  miiiai  ien".  (See  also 
Appendix  A . )  Alllioiudi  il  was  esl.d'nslit'd  foi’  paseous  mixtures, 
it  also  applic'S  (o  li(pMd  solutions,  ex’mi  at  licpiid  oxypam  t('mperature. 

Solid  Combust ililes 

If  the  solubility  limit  of  a  coiifa minaiil  in  liepaid  oxyip'ii  is  bedow  the 
lower  flammabiiit''  limit,  the  liquid  phasi'  will  not  sup|)ort  combustion. 
Howev('r,  if  tlu'  conl.iminanl  is  present  in  (plant  it  ies  piaxiter  than 
the  soUiiiility  limit,  a  flammable  ha/,.ird  doi'S  exist  due  to  the  rc'- 
sultinp  fuel-oxypen  slurry.  Mven  llu'  smallest  p.rain  of  combustible 
solid  in  licpiid  oxypen  has  the  p.otential  of  conliniu'd  burninp  upon 
SLiitaiile  ipiiilion,  and  tlu'  coma'p'l  of  flammability  limit,  based  on 
averape  coiuamlrat  ions,  doi's  not  strict  ly  ajiply.  Allhoupii  one  small 
particU'  mip,'ht  not  b(' (i.iiupMams  m  itsedf,  a  collecdioii  of  suc'h  particles 
in  litpiid  oxyp(’n  could  Ik*  si'rious,  .sinct'  ipnition  may  [iropapate  from 
particle  to  particdi'.  Tlie  hazard  of  solid  combustibles  can  be  avoided 
by  preventinp  eitfiei  the  formation  or  accumulation  of  solid  particles. 

AcetyleiK'  historic. dlv  has  bi'fii  ila  most  important  solid  combustible 
contaminant  and  should  reeeiv<'  ^  pieci.il  altmition  amonpal!  of  the 
combustilih's  for  S('\'i  r,!i  n  .sons  I'irst,  it  is  (pii|('  insoluble  in 
liquid  oxypc'ii:  second,  il  m.iv  sh.iu  up  in  the  ,iir  plant  fi'cd  stream  at 
concentrations  cdrui'  tin  ullim.tli'  solubility  limit;  and  third,  it  is 
readily  trippered  min  ipnition.  AUhouc.h  olln'r  solid  conibustibUxs  may 
appear  on  occasion,  ,  residii.il  sohcnls.  I  he  coni  rol  of  siudi 

materials  ch-pends  on  proper  (diMiiinp' and  inspection  procaadures. 

Solid  Iiu'rt  Coni. I  min. mis 

Sol  id  iiu'  rl  cont.i  mm.mis  .1  r.  (  on, -mn  ■  red  In  b"  ,sm,i  I  i  pa  rl  ic  h'S  or  fibrous 
materi.ils,  es.^eiil  1.1 1 1  v  ins  niiMo  m  and  niiroaf  !i\'e  with  liipiid  oxypam. 
Th('S('  cont.imm.iii!  -  ai  ■  di\  id.  q  mi  .  I  wn  (  dopnrie.s:  insolubh'  mati'rial, 
such  as  rust  .ind  mel  ii  i  1  1 ■  .I'.ed  from  Ine  e(juipm(’nl:  and 
sliphi  !y  soluble  c. mla  m ni.i nt s .  pa  r(  n  u l,i  r iy  ca  ri 'on  d ioxidi'  and  wal(' r , 
whi(di  .1 !’('  .issoci.ited  with  ihe  pro  hiclinn  and  haiidlinp  ol  liipiid  oxypem. 

Th('r('ar('  sever, 1!  i;.i/i]d  ris  1  i:.i  i- o  tiaas!  n  .s  n|  snlid  inert  contaminants 
which  shouid  iu  i  '  ;nod.  r.  !, 
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First,  and  most  important,  solid  inert  contaminants  may  interfere 
with  the  mechanical  operation  of  the  system.  Mechanical  inter¬ 
ference  by  solid  contaminants  is  one  of  the  most  common  causes  of 
maKunctions  in  a  LOX-handling  system.  These  contaminants  may 
cause  the  plugging  of  filters,  lines,  injectors,  etc. ;  they  may  cause 
binding  of  mechanical  movements  by  intruding  into  regions  of  small 
clearance;  they  may  prevent  valves  from  seating  or  flanges  from 
sealing. 

Second,  the  solid  particles  moving  with  the  fluid  stream  may  cause 
erosion  within  the  fluid  passages.  Erosion  produced  by  the  abrasive 
action  of  the  solid  particles  will  usually  be  relatively  minor,  but  in 
certain  critical  places  where  high  velocities  occur,  such  as  at 
turbine  blades,  the  solids  can  create  considerable  damage. 

Third,  the  solid  particles  may  accumulate  static  charges  of  electricity, 
which  may  discharge  within  the  fluid.  The  accumulation  of  static 
charge  will  not  cause  damage  by  itself,  but  it  is  conceivable  that  a 
spark  discharge  originating  from  the  static  charge  could  initiate  the 
reaction  of  combustible  materials. 

Dissolved  Inert  Contaminants 

Dissolved  inert  contambiants  are  considered  to  be  materials,  such 
as  nitrogen  or  argon,  which  are  unreactive  and  quite  soluble  in 
liquid  oxygen. 

Nitrogen  and  argon  are  the  principal  dissolved  inert  contaminants  in 
liquid  oxygen.  These  contaminants  are  significant  only  to  the  degree 
that  they  serve  as  diluents  for  the  liquid  oxygen.  Since  missiles  using 
liquid  oxygen  as  the  oxidant  generally  operate  on  the  fuel-rich  side, 
dilution  of  the  oxygen  will  accordingly  reduce  thrust  and  the  ultimate 
range  or  payload.  A  discussion  of  the  effect  on  rocket  range  by  the 
dilution  of  liquid  oxygen  with  nitrogen  can  be  found  in  a  recent  report 
(30),  Argon  will  have  a  slightly  greater  effect  than  nitrogen  on  the 
specific  impulse  because  of  argon’s  higher  molecular  weight. 
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Initiation 


At  the  low  temperature  of  liciuid  oxygen,  chemical  reaction  rates  are 
extremely  slow.  Even  though  a  potential  heat  of  reaction  may  be  very 
high,  spontaneous  reaction  rates  are  geneially  so  slow  that  normal 
heat  transfer  meclianisms  arc'  sufficient  to  remove  the  small  quantities 
of  heat  produced.  Howx'ver,  tlie  sudden  addition  of  external  energy  to 
a  local  region  ran  raise'  the  local  temperature  and  the  reaction  rate, 
resulting  in  a  chain  reaction  wlien  the  lu'at  released  is  greater  than 
the  heat  absorbed  l)y  the  surroundings.  Sucli  a  reaction  could  easily 
become  explosive.  Initiation  of  a  runaway  reaction  can  be  accomplished 
in  a  variety  of  ways,  the  more  common  including: 

a.  Mechanical  ('iiergy  introduced  in  the  form  of  friction  or  impact. 

b.  Electrical  energy  introduced  by  spark  discharge  or  resistance 
lieating. 

c.  External  hea^t  iiitroduced  by  convection,  conduction  or  radiation, 

d.  Catalysts. 

In  some  cases,  the  initialing  metliods  cannot  supply  sufficient  energy 
to  complete  the  ignition  process.  However,  if  additional  chemical 
energy  is  available  from  an  easily-triggered  source,  such  energy  can 
act  as  a  l)ooster  charge,  causing  tlu'  ignition  to  ('ontinue.  Acetylene, 
ozone,  and  sevc'ral  otlK'r  materials  wiiich  may  contaminate  liquid 
oxygen  have  sufficient  stored  energy  to  act  in  this  fashion.  Further 
discussion  of  this  point  is  presented  in  Appendix  A. 

SOURCES  OF  CONTAMINATION 

For  purposes  of  illustration.  Figure-  1  is  a  simplified  flow  diagram  of  a 
typical  liquid  oxygen  supply  systf-m  from  (he  air  sc'paration  plant  to  the 
missile  tank,  A  liquid  oxygen  supply  syste'm  offers  several  opportunities 
foi’  contamination.  The'  major  soin-ces  of  contamination  consist  of: 
produced  liquid  oxygen;  transfer  operations;  nitrogen  pressurization. 

The  minor  sources  of  contamination  will  include:  vent  lines  and  relief 
valves;  residual  contamin.ition;  equiima-nt  deterioration. 
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PERMANENT  (OR  SEMI-PERMANENT)  LINES 
CONNECT  a  DISCONNECT  REQUIRED 


FIGURE  1.  -  SIMPLIFIED  DIAGRAM;  LIQUID  OXYGEN  SUPPLY  SYSTEM 
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Produced  Liquid  Oxy^qui 

Liquid  oxygen,  as  produced  by  (he  air  separation  plant  and  received 
by  the  plant  storage  tank,  contains  contaminants  which  have  not  been 
completely  removed  by  the  process  used  for  separatiii^'  i)xygen  from 
air.  The  ultimate  source  of  most  of  this  contamination  is,  of  course, 
the  air  feed  to  the  separation  plant,  and  Ihe  quantity  and  variety  of 
contaminants  found  in  tlu'  liquid  oxyf^en  dt'pend  to  a  larqe  extent  on 
the  effectiveness  of  their  removal  during'  the  separalion  process. 

Of  the  conianiinants  passed  by  the  separation  jdant,  the  i)roduced 
liquid  oxygen  contains  a  portion  of  the  acetylene,  the  light  hydrocarbons 
{less  than  C4),  and  other  combustibles.  A  portion  is  removed  in  the 
waste  nitrogen,  and  the  reminder  accumulates  in  driers,  heat  ex¬ 
changers,  and  adsorbers.  However,  the  liquid  oxygen  as  produced 
must  be  considered  as  a  major  source  for  coml)ustibie  contaminants. 

In  addition,  li(iuid  oxygen  as  i)roduced  may  contain  carbon  dioxide  in 
varying  amounts,  and  very  small  quantities  of  particulate  matter  from 
the  hydrocarbon  adsorlx'rs. 

Transf('r  OiK'ratio^ts 

Whcncv(0'  operations  la'quiix'  the  connection  or  disconnection  of  a 
transfc’r  liiu',  (he  opportunity  for  introducing  additional  conhi mination 
arises.  At  tlu'  tinu’  of  connection,  atmosi)heric  contamination  or 
dirt  may  b('  trapped  in  a  section  of  the  transfer  line,  to  be  carried  , 
into  the  syst('m  by  th(>  liquid.  At  the  time  of  disconnection  atmospheric 
contamination  may  deposit  inside  the  cold  transfer  equipment,  ready 
to  ('liter  the  rest  of  the  system  during  the  next  transfer  operation. 

Fi('ld  and  laboratory  experiments  have  shown  that  strong  convective' 
currents  are'  formeei  by  the  elensity  difference  between  cold  eixygen 
vapors  and  warm  ambient  air.  As  (he  cold,  denser  vapors  flow  out 
of  (lie  low  |)oints  of  emld  transfei-  eeiuipment,  (he  warm,  loss  dense 
air  flows  in  at  tlu'  high  points,  depositing  moisture'  anel  other  e'on- 
(ti'iisabh's  in  the  form  of  frost.  This  ])henomenon  occurs  in  a  matte'r 
of  seeonels  in  the'  ease  of  a  ti’ansfer  line  with  e'old  vapors  fleiwing  fi'oni 
the'  ope’ii  e'lid.  It  is  suspi'cte'd  (hat  much  of  the  CO2  contamination 
apiK'aring  in  the'  oxyge'n  iK[uiel  at  its  final  point  of  analysis  has 
('iiteri'd  \'ia  I  ransfi'r  operatii'ns. 


in 
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Nitrogen  Prossurizulioii 

A  tliircl  major  source  of  (‘ontamination  is  tlic  use  of  tlie  tiitrof^eii 
pressuri/alion  P'chnique  to  transfer  liquid  oxypcm  from  one  tank 
t(.)  anotlmr.  If  it  is  assumed  that  only  [)ure  [gaseous  nitrogen  is 
us('d  for  pi'essurizing,  (hen  the  only  contaminant  introduced  at 
this  point  is  niti'ogen. 

Vent  Liiu'  and  licdief  Valves 

Previously,  it  had  been  assumed  that  atmospheric  conta.mination 
('iilercd  liquid  oxygen  systems  through  open  v(mt  lines  and  relief 
valv('S  by  a  back-diffusion  process.  However,  an  ('xi)erimenlal  and 
mathematical  study  conducted  under  the  present  contract  has  in- 
dicat('d  that  contamination  by  back-diffusion  is  minor.  This  does 
not  mean  that  atmospheric  contamination  cannot  enter  througii  vent 
liiK's;  but  only  that  there'  is  no  long-term  persistent  contamination. 
The  amount  of  contamination  introduced  through  vent  liiu's  by 
baronu'tric  pressure  surges  has  not  been  ('stablished, 

Rc'sidua  1  Conta  mination 

H.('sidual  contamination  in  a  liquid  oxygen  handling  system  may 
consist  of  cutting  oils,  solvents,  and  iiK'tal  chips  and  otlu'r 
particles  left  from  fabrication  or  cleaning  operations.  With 
strict  adh('r{'.nc('  to  proper  procedures,  there  should  be  very  litth' 
ix'sidiK’.  How('V('r.  mistakes  and  carelessness  hav{'  result('d  in 
unj) red ic table  contamination. 

[■hiuipnu'iit  n('ter location 

As  with  any  complex  mc'chanical  equii)ment,  long-tc'i'in  dc’terioration 
must  b('  exi)c'cl('d.  Moving  parts,  such  as  valvc'S  and  jaimps,  wilt 
wear  and  contributt'  to  particulate  contamination.  In  liciuid  uxygc’n 
systems,  sources  of  such  contamination  will  include;  particles 
from  filb'rs,  attrition  of  solid  adsorbents,  and  erosion  of  metal 
pa  ids  by  solids  carried  in  the  liciuid  oxygen  stream.  Although  tlu' 
qu;in(iti('S  arc'  small,  thc'se  caintaminants  cainnot  be  ignored. 
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DEGREE  OF  CONTAMINATION 


ClKiiigo  ill  Cont.iniinanl  CoiiccMilration 


Missile  liciiiid  oxyf^c'ii  is  handled  al  a  U'niiK'raturo  (-297'^  F)  close 
to  its  hoiliii”'  point,  and  tiu'  slij^ht  addition  of  heat  will  cause 
the  oxy[;en  to  boil.  The  extremely  low  tem|)erature  of  liciiiid 
oxypc'n  means  that  heat  will  be  supplied  to  it  fi’om  lh(’  surrounding; 
atmosplK'rc'  and  that  it  will  be  evaporatin[;'  constantly.  Dissolved 
contaminants  with  vapor  pn'ssuix's  higher  than  oxygen,  such  as  nitro¬ 
gen,  argon,  and  carbon  monoxide,  will  va])orizc  more  quickly  than 
tlu'  oxygen,  while  contaminants  with  vapor  pressures  lower  than 
oxygani,  such  as  melhane  and  acetylene,  will  va]X)rize  less  quickly 
than  oxygen.  Conseciuently,  in  a  given  amount  of  licpiid  oxygen, 
contaminants  with  high  vapor  pressuix'  will  decrease  and  conkimi- 
nants  with  low  vapor  pressure  will  inerease  in  concentration  with 
tlu'  passage  of  time  or  with  additional  handling  operations. 

In  many  cases,  tlu^  d(!sign  of  ('quipment  and  the  ari’angement  of  piping 
can  magiufy  Uk'  [)i-oblems  of  contamination  either  by  encouraging 
local  accumulation  of  solids  or  by  creating;  isolated  regions  where 
local  concc'iitrations  of  contaminants  can  increase  without  distnr- 
bailin'  by  tlu’  main  liquid  oxygam  stream,.  Usually,  these  conditions 
c.in  be  liaced  to  inadeciuate  mixing  or  to  "dead-emding".  Sevcoxil 
('xamples  of  situations  leading  to  solids  accumulation  are  shown 
in  the  accompanying  illustrations.  Figures  2,  3,  and  4.  Figure  2 
illustrates  the  type'  of  small  pockets  which  can  act  as  traps  for 
suspended  solids.  Figure  3  shows  how  a  large  quiet  region  can 
encourage  the  accumulation  of  solids.  It  is  interesting  to  note 
tliat  accumul.itions  of  carbon  dioxide  have  been  found  in  28,000 
[Sillon  stoi'age  i.iiiks  which  are  in  the  proportions  indicated  in 
Figure  3.  An  example'  of  the  type  of  equi])ment  arrangement  which 
('iicourage’S  the  build-up  of  contamination  is  the  liciuid  oxygen 
catcdi  tank  shown  in  Figure  4.  In  this  case,  liquid  oxygon  flows 
into  the  tank,  but  only  \'apor  h'aves  the  tank.  This  automatica  lly 
le.ids  to  accumulation  of  less  volatile  contaminants. 
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LIQUID  OXYGEN 
SUPPLY  FILTER 


TO  LIQUID  OXYGEN 
STORAGE  TANK 


3- 


FROM  LIQUID 


OXYGEN  SUPPLY 


VOLUME  BELOW 
DISCHARGE  PORT 


(a.)  LIQUID  OXYGEN  SUPPLY  FILTER  INSTALLATION 


(I.)  BEFORE  MODIFICATION  (2.)  AFTER 


(b.)  AN  EFFECT  OF  IN  SITU  PIPE  MODIFICATIONS 


FIGURE  2  -  EXAMPLES  OF  PIPING  DETAILS  RESULTING  IN 
CONTAMINANT  CONCENTRATION  BUILD-UP 
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ConibuslilMo  Conhiniiiuuits 

All  of  (lie  common  ctimbiisfible  coiitaminaiils,  oxcoiit  carbon  monoxide, 
arc  loss  volatile  than  oxygen  and  consequently  will  increase  in 
concentration  as  the  liquid  oxygen  is  vaporized.  Thus,  a  safe  con¬ 
centration  of  a  dissolved  contaminant  at  the  beginning  can  reach 
dangerous  proportions  by  (he  time  the  oxygen  is  to  be  used.  This 
means  that  the  problem  of  controlling  combustible  contaminants 
would  become'  more  severe  as  the  liquid  oxygen  passes  through  the 
siqiply  syste'in. 

Of  the  potential  combustible  contaminants,  the  ones  (hat  are 
currently  considered  on  a  routine  basis  for  analysis  and  control 
are  the  hydrocarbons  and  acetylene.  Although  other  combustibles 
may  appear  as  a  result  of  unusual  circumstances,  the  quantities 
are  usually  too  small  for  routine  detection.  An  analysis  of  t)ie 
degree  of  contamination  by  combustible  materials  may  be  based  on 
Ihe  following  simplifications: 

a.  Tlu'  only  combustibles  of  significance  other  than 
acelyb'ne  are  the  hydrocarbons. 

b.  Ac('tylene  is  considered  in  a  class  by  itsc'lf  and  not 
incluch'd  in  (he  hydrocarbons. 

c.  Hydrocarbon  molecules  with  more  than  four  carbon 
atoms  ar('  iv'duced  in  the  air  separation  plant  to 
insignificant  concentrations. 

(1.  Idle  flammal)ility  limit  is  based  on  the  total  con- 
c('nt ration  of  carbon  atoms  I’egai’dless  of  the  type 
of  hydiax'a I'bon. 
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The  principle  of  additive  contamination,  mentioned  previously 
under  '’Significance  of  Contaminants",  makes  it  possible  to 
relate  the  combustible  contaminants.  The  various  combustible 
contaminants  can  be  rated  on  the  basis  of  their  heats  of  com¬ 
bustion,  with  methane  used  as  a  reference  standard.  In  the 
case  of  the  hydrocarbons,  which  are  assumed  to  be  the  only  con¬ 
taminants,  the  heat  of  combustion  on  a  mole  basis  is  roughly 
dependent  on  the  number  of  carbon  atoms  in  the  compound.  Since 
the  flammability  limit  is  a  function  of  the  overall  heat  of 
combustion,  this  limit  will  depend  on  the  type  of  hydrocarbon 
supplying  the  carbon  atoms.  Consequently,  all  hydrocarbons  can 
be  conveniently  calculated  as  methane  equivalents  and  added 
together.  Table  I  presents  a  list  of  analyses  of  liquid  oxygen 
obtained  from  a  number  of  representative  plants,  showing  total 
hydrocarbons  and  acetylene.  Total  hydrocarbons  are  reported  as 
methane  equivalents  in  ppm  by  mole.  It  can  be  seen  from  Table  I 
that,  although  total  hydrocarbons  are  generally  less  than  50  ppm 
and  acetylene  is  generally  less  than  0.  25  ppm,  in  some  cases 
concentrations  may  run  somewhat  higher  depending  upon  local 
conditions.  Table  II  presents  in  more  detail  some  of  the  analyses 
shown  in  Table  1.  As  can  be  seen,  methane  is  the  major  com¬ 
bustible  contaminant. 

Although  emphasis  has  been  placed  in  this  discussion  on  the  flam¬ 
mability  limits  of  combustible  contaminants,  it  is  important 
to  note  that  specification  limits  are  based  on  solubilities  and 
not  on  flammability  limits.  Since.it  is  not  practical  to  identify 
the  specific  combustible  contaminants  in  solution,  it  is  necessary 
for  reasons  of  safety  to  assume  that  the  solubility  of  the  "com¬ 
bustible"  hydrocarbons  (excluding  acetylene,  hydrocarbons  of  more 
than  four  carbon  atoms,  and  non-hydrocarbon  combustibles)  is  equal 
to  a  solubility  of  the  least  soluble  hydrocarbon  (four  carbons  or 
less).  Tlie  least  soluble  "combustible"  hydrocarbon  is  isobutylene 
which  has  a  solubility  of  560  parts  per  million  methane  equivalent. 
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TABLE  I 

OXYGEN  CONTAMINANTS  ANALYSES  IN  REPRESENTATIVE  PLANTS* 


Acetylene 

Plant  Hydrocarbons**  ppm  (mole  basis)  Carbon  Dioxide 


Liquid  Oxygen  Plants 


A 

12  to  18 

<  0.  5 

3  to  6 

B 

4  to  35 

<  0.01 

0.  5  to  1 

C 

21  to  27 

<  0.25 

0.  5  to  4 

D 

15  to  25 

<  0.25 

15  to  30 

E 

24  to  26 

<  0.25 

21  to  24 

Gaseous  Oxygen 

Plants  (Liquid  from 

Reboilcr 

TT*** 

J. 

1  to  12 

<  0.01 

G 

21  to  35 

<  0.25 

1  to  2 

H 

10  to  30 

<  0.05 

-- 

I 

20  to  131 

-- 

1,000  to  2,000 

J 

353 

<  0.003 

2 

*  Based  on  information  from  private  communications. 

♦*  As  methane  equivalent. 

***  Gaseous  oxygen  product. 
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Insoliibh'  or  Sli{;iUIy  Soluble  Inert  Contaminants 
Insoluble  (particulate  matter) 

The  quantity  of  particulat('  matter  resiiltiiif;'  from  equipment 
ck'terioration  or  poor  cleanliiu'ss  standards  cannot  be  pre¬ 
dicted  with  accuracy.  A  numbei-  of  examinations  have  Ikhmi 
made  by  investigators  at  diff('rent  tinu'S  with  the  dc'sire 
to  clai’ify  tlu'  i)icture  of  particulate  contamination,. 

Table  III  presents  a  summary  of  particU'  ('ounts  made  from 
li(iuid-oxy[>en  samples  tak(  li  at  Patrick  Air  Forc;e  Dasi'  over 
a  period  from  July,  1957  throuf;h  January  1960.  These  samples 
pi’ovidc!  an  indication  of  the  ranges  of  particle  sizes  and  counts, 
although  unfortunately  no  information  is  available  as  to  the 
location  of  the  sample  taps. 

Oiu'  ('xamination  of  a  plant  storage  tank  revealed  particulate 
matt(’r  in  the  form  of  dust  accumulated  at  the  bottom  of  the 
tank.  Subsc'quent  analysis  of  this  material  showed  that  it 
consisted  principally  of  oxides  of  aluminum,  iron,  a,nd  silicon 
with  a  small  amount  of  oil.  Additional  limitcxi  inspc'ction 
showed  little  particulate  matter  in  the  stoi’age  vesscJs  and 
l)iping  beyond  the  plant  storage  tank,,  From  tlu'  analysc's,  it 
appc'ars  that  the  dust  resulted  mainly  from  th('  hydrocarbon 
adsorbers.  Although  it  is  presumed  that  filters  remove  jxir- 
ticulate  mattc'r  down  to  particles  less  than  40  in  diameter, 
at  least  oiu'  investigation  (24)  has  found  particulate  matti'r 
larger  than  200  in  produc('d  liquid  oxygcm.  Particulate' 
contamination  should  Iv'  small  in  the  rest  of  th('  supply  system 
if  proper  matc'i'ials  of  construction  are  used  and  proper  handling 
and  cleaning  proc('dures  are  followed. 

Slightly  Solubh'  Inert  (’ontaminants 

In  this  categoi'y,  only  carbon  dioxide  will  Ix'  consick'i’C'd,  sinca' 
it  is  almost  always  pi'csi'iit  and  because'  nu'asures  taken  to 
reduce  C()2  will  In*  ge'iu' rally  succc'ssful  in  eliminating  tlu- 
lU’gligible  quantities  of  other  slightly  soluble  cf)mpounfls.. 
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TABLE  II 


CONCENTRATION  OF  DIFFERENT  HYDROCARBONS 
IN  REPRESENTATIVE  OXYGEN  PLANTS 


Hydrocarbons  -  ppm  by  mole  as  Methane  Equivalent 


Plant  & 

Type 

Total* 

Methane 

C4  or  less** 

C5  or  more 

A  -  Liquid 

12  to  18 

10  to  15 

-- 

-- 

H  -  Gaseous 

10  to  30 

10  to  30 

0 

0 

I  -  Gaseous 

20  to  131 

19  to  115 

0.4  to  15 

0.06  to  4 

J  -  Gaseous 

353 

no 

243 

Traces 

♦  Excluding  acetylene 
Excluding  methane 
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TABLE  m 

PARTICULATE  MATTER  IN  LIQUID  OXYGEN* 

Minimum  and  Maximum  Particle  Count  for  Micron  Sizes*’*' 


Sample 

Source 

10-20 

20-40 

40-80 

80 

ABM  A 

480  -  6540 

120  -  1860 

120  -  1080 

14  -  120 

Complex  14 

780  -  1740 

290  -  300 

26  -  180 

8  -  14 

Convalr 

120  -  9780 

53  -  1200 

12  -  900 

0  -  240 

Douglas 

720  -  17400 

85  -  5640 

0  -  1680 

0  -  240 

Martin 

4020  -  15360 

600  -  1140 

240  -  540 

24  -  36 

PAA 

220  -  9480 

40  -  3060 

0  -  780 

0  -  100 

Vanguard 

660  -  11400 

120  -  2580 

60  -  480 

6  -  72 

Thor -Abie 

3360 

1380 

420 

180 

Patrick  Plant 

420 

50 

50 

20 

’*  Samples  analyzed  at  Patrick  Air  Force  Base  during  the  period 
July,  1957  through  January,  1960. 

Siiniple  size  -  100  ml  of  liquid  oxygen. 
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The  solubility  of  carbon  dioxide  in  liquid  oxygen  (3,  9,  15) 
is  presented  in  Figure  5.  It  can  be  seen  that,  at  the  usual 
storage  and  handling  temperature  {-297“  F)  of  liquid  oxygen, 
the  solubility  of  C02  is  about  4.  5  i}pm.  As  explained  pre¬ 
viously,  any  concentration  of  CO2  above  the  solubility  limit 
is  undesirable,  but  analytical  data  show  (hat  such  conditions 
do  exist  in  liquid  oxygen  supply  systems.  Limited  field 
data  at  launch  and  test  sites  (2,  23)  show  that  stored  liquid 
oxygcMi  cotUains  CO2  in  the  range  of  12  to  300  ppm.  Carbon 
dioxide  is  normally  present  in  the  air  feed  (0  oxygen  plants 
at  concentrations  of  about  300  ppm.  Although  most  of  the 
CO2  is  removed  in  the  separating  process,  the  ('ommercial 
use  I’equirements  and  economics  of  liquid  oxygen  manufacture 
do  not  require  the  complete  removal  of  CO2.  The  figures 
shown  in  Table  I  should  not  be  taken  as  representative  of  the 
range  of  possih'U'  CO2  contamination  in  produced  liquid  oxygen. 
The  low('r  concentrations  indicated  may  be  routinely  obtained 
thi'ough  suitable  plant  operation.  A  further  limitation  on 
the  figures  of  Tabk'  \  is  placed  by  the  difficulty  of  obtaining 
a  r(’pr('S('ntative  sample  of  suspended  solids. 

If  li(iuid  oxygen  contains  CO2  dissolved  to  the  saturation  point, 
slight  eh.ing('s  in  t('mperature  or  pressure  may  cause  CO2  to 
[)reeii)itale.  Precipitation  can  be  induced  by  a  shar])  d('creasc 
in  pr('ssur(',  such  as  might  occur  at  a  valve  or  orifice,  or 
solid  CO2  might  appear  by  flash  evaporation  of  the  liquid 
oxygc'ii  at  a  local  hot-spot.  A  mathematical  analysis  of  the 
time  recpiiia'd  to  dissolve  CO2  ])articles  in  liquid  oxygen 
show(’d  that,  oe.ce  solid  CO2  has  precipitated  out  of  solution, 
it  is  difficult  to  ix'dissolve  the  precipihite  even  though  the 
li(iuid  oxygaui  may  no  longer  be  saturated  with  CO2.  The  large 
differcuice  b('twe('n  th('  rate  of  prc'cipitation  and  the  rate  (jf 
r('-solution  can  (xisily  result  in  th('  build-up  of  solid  CO2  in 
(lui('Siu'nt  lu'gions. 

Fven  if  carbon  dioxich'  is  not  present  initially,  every  transfer 
oimration  (exposing  cold  internal  parts  to  the  atmosphere  will 
inti’oduci'  C02-  The  (luantily  of  CO2  introduced  with  each 
transfc'r  operation  (h’pends  on  (he  opiM’atoi'  and  on  the  ])roc,edures 
followcai.  To  furthiM’  aggravate  (he  [)robl('m,  (he  continuous 
vapori/.atioi'i  du('  to  heat  leak  to  stored  liejuid  oxygem  increases 
(he  (•oncc'iit ration  of  CO2. 
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FIGURE  5  -  SOLUBILITY  OF  CARBON  DIOXIDE  IN  UQUID  OXYGEN  (7,  8,  9) 
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Miscible  Iiu'i’t  Coiit.inuiuiiUs 

Nilro'^cii  and  ar^on  arc  (he  only  miscible  contaminants  of  im¬ 
portance.  Sinct'  the  only  source  of  arp;on  contamination  is  the 
liciuid  ()xyp,en  produced  in  (he  liquid  oxygen  plant,  no  increase 
in  the  argon  contamination  can  occur  after  the  oxygen  enters 
jilanl  s(orag('  tanks.  Tlu'  initial  concentration  of  argon  in  the 
pi'oduceci  liigiid  oxygen  is  not  permitted  to  rise  above  5000  p[)m 
(0.  5'','i),  this  quantity  comprising  the  bulk  of  tlu'  contamination 
('xisting  in  the  liquid  oxygen.  Since  ai’gon  is  slightly  mor(' 
volatile  than  oxygen,  (he  argon  concentration  will  decrease 
slowly  by  preferential  vaporization  as  the  liquid  oxygen  passes 
through  the  supply  system.  This  decrt'ase  in  concentration  is 
illustrated  in  Figure  6  where  it  can  be  seen  that  the  degree  of 
argon  contamination  changes  only  slightly  thfoughout  the  lifetime 
of  tlu’  oxygen  licgiid. 

Tlu'  amount  of  iiifrogmi  in  licpiid  oxygem  as  la'cf'ivc'd  from  an  oxygem 
plant  is  relaiiv('ly  low  As  is  th('  case  with  argon,  llu'  nit)’og('n 
conb'iit  will  also  d('creas('  by  preferential  vaporization,  although 
mucli  mor(>  (giiekly,  Th('  vaporization  rat('S  of  (he  two  contaminants 
can  !)('  compaia'd  in  Figure'  G  where  it  can  be  s('('n  (hat  tlu'e-hange' 
in  nitroge'ii  conce'ntration  is  much  gre'aJc'r  lhan  tlu'  change'  in  argeni 
eaenea'iit  rat  ieen. 

'I'lie'  major  se)ure-e'  e)f  nitreege'ii  ceetit.) minatie)n  elurinp;  (ransfe'r  and  ste)rage' 
is  die'  use'  e)f  gase'e)us  nitre)ge'n  ])ressu i’izatie)n  (e)  (I’ansfe'r  lieiuid  e)xyge'n. 

The'i  e-'  has  be'en  some'  elisagreement  on  the'  ame)unt  e)f  e'e)nta minat ie)n  fre)m 
this  soure-e'  (29,  30),  but  the  experime'iital  e'vide'nee  shows  that  the'  re¬ 
sulting-  ce)ntamiiuitie)n  by  nilre)gen  earn  be  (e)le'ra(e'd  fe)r  most  missions. 

In  aeklitieen  lo  the'  re'fe're'iu'e'S  que)te'd,  e'xpe' ri  iiu'iita  1  woi'k  pe' I'feei'me'd  unde'r 
th(‘  [ire'sent  e'onti’aed  she)wed  tlu'  slight  de'gre'e'  of  e-ontamination  by  nitreige'ii 
elue'  (o  pi'essurizatieni. 

CURHFNT  .Sl’FClFICATfONS  FOR  blQUH)  OXYGFN  AND  FQUIRMFNT 
laeiuiel  Oxygem  Speedfiemtieens 

1  iepiiel  oxyge'ii  is  pre)e'ure'd  fe)r  missile  use'  ae'e'e)rding  to  Military  Spe'edfi- 
cation  MII;-P-2r)50H-C  IJSAF,  dateei  Ne)ve'mber  7,  1960.  This  spe'e'ifie'atie)n 
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FIGURE  G  -  DIFFERENTIAL  VAPORIZATION  OF  99.  G'X  I.IQUID  OXYGEN 


EFFECT  ON  CONCEN'l’RATION  OF  MORE  VOLATll.E  CONTAMINANTS 
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r('quir('s  lii;it  Ihc  purity  of  llu'  liquid  oxypcii,  wlu'u  puisifiod.  shall  contain 
not  l('ss  than  !)9.  h  pc'i'ccnt  oxyc^cn  by  colunu’.  TIu'  rt'niaininp'  0.  5  pc'rccnt 
is  mostly  ai'pon.  The  combustihU'  and  ladativcly  insoluble  impurities 
eontaiiu'd  in  li(iuid  oxyqa'ii  as  prodiuu'd  a.nd  pi’oeuia'd  aix'  limited  to  the 
jiarts  p(M'  million  as  dielalc'd  by  pi-oeess  and  saf('ly  eonsidc'rations 

in  licpiid  oxyf’cn  manufactina'. 

TIu'se  it'iilalivi'  proeurc'mi'nt  aiul  use  limits,  piX’scMitt'd  in  Table  IV,  wc'rc' 
eslablislu'd  as  a  la'sult  of  a  scM'ies  (T  conference's  including  rockc'l  enpiiu' 
manuf.Kdurc'i'S,  military  re|)i('sentativ('s.  lic[uid  oxypmn  produce'rs,  and 
.idvisors  (1,  8,  11  throupji  14,  28,  31). 

Initially  llu'  total  hydrocai’bon  procure'ment  limit  was  set  at  75  ppm  by 
w('ipht  as  cai'l)on,  and  the'  use  limit  at  225  i)pm  l)y  weif’ht  as  carbon,  to 
pc'rmit  a  maximum  of  lhr('('-fold  concentration  of  imi^urities.  More 
I'ccently  tiu'  procure'menl  total  hydreica rbon  specification  was  rc'duce'd  to 
25  ppm  l)y  w('i;j,ht  because'  lieiuid  eexyj^en  ()re)ducers  c.in,  and  a.re  supplyin[;' 
proeluct  of  this  (|uality.  The  use-  limit  was  not  e'hanped 

'rhes('  limits  ele'fine'  e'oneu'ntralie)!!  as  parts  per  millie)n  e)n  a  we'ipht  basis, 
but  the-re'  has  appai'e'iitly  in  -’ii  se)me'  ee)nfusion  as  a  re'sult  of  the'  use'  of 
this  e'onve'iition.  A  e'eau'entration  of  225  ppm  by  w('ifi;ht,  me'asui’e'el  as 
carbon,  is  eeiuieale'nt  te)  GOO  ppm  by  me)le  measure'd  as  caj’bon  Lieiuid 
oxype'ii  manufacture'rs  e'onsieler  500  ppm  by  mole  to  be'  the'  maximum  safe' 
limit  anel  will  steep  e)])e' ratieens  befeere  this  value  is  re'aedu’  If  the'  225  ppm 
is  eeii  the'  mole'  basis,  the'  value  is  e'litire'ly  e'eensiste'iit  with  ne)n-ha/,a  j'eleeiis 
ojee'  I’a  t  ion  , 

It  is  be'lie'Ve'el  th.d  the'  teelai  hyelreee'a I’ieeen  e'eeiu’e'nt rat  ieen  sheeulei  be'  defiiU'el  in 
moi'e'  e'xplie'it  le'i-ms  to  aveeid  eaenfusieen.  Feer  ('xami)le,  n-pe'ataiie',  a  liydree 
e’arbein,  has  a  seelubility  in  lieiuid  eexype-n  eef  200  ppm  by  meele,  as  e'arbeen. 

At  225  ppm  liy  meele',  this  hydreee'a rbeen  weeulei  re'pre'se'nt  a  hazai’deeus  eaen 
flit  ion.  'file'  500  ppm  by  meeb'  maximeim  safe'  limit  re'e'eepiii /.e-el  by  lieiuiel 
oxype  n  pi’oelue'oi's  applie's  eenly  tee  hyeireie'ai’beens  eaentaininp  four  e’ai’been 
■  iloms  oi-  h'ss.  e'xeduelinp  ae-e-tylene*  e'emipeeunds. 

'rhered'orr',  i!  is  .i.-.semie'et  in  fliis  re'poi't  that  the'  inte'iam  limits  me'ant 
ppm  by  mole  me'asui’e’et  .es  nu’thane'  eer  e’ai'bon  (een  a  meile'  basis  the' 
iHina'i’ieMl  \-a!eit'  will  be'  ide'utie'al  feer  edtlu’r).  Furtlu'r,  tlie'  total  hydixi  • 
larlioiis  will  bi'  infej'p're  lee!  ;is  C<\  eer  le'ss  hyeb'oe'a  rbeens. 
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TABLE  IV 


LIQUID  OXYGEN  INTERIM  SPECIFICATIONS 
MIL-0-25508A  USAF  (June  21.  1957) 


Procurement  Use 


Oxygen,  percent  by  volume  -  minimum 

99.  5 

■■ 

Total  Hydrocarbons,  ppm  by  weight  - 

minimum 

25  as  Methane 

225  as 

Acetylene,  ppm  by  weight,  maximum 

0.5 

1.5 

Moisture,  dewpoint  °F  -  maximum 

-65 

-- 

Filterable  Solids 

Filter  Rating,  microns 

10 

40 

Filter  Absolute,  microns 

40 

72 

Maximum  Solids,  mg/litor 

2.  5 

2.  5 

27 


T^c^ic^  afti/  C/tcmicaU 


Equipment  Clc_anlijioss  Specifications 
Propellant  Loading 

Standards  of  cleanliness  for  propellant  loading  systems  have  been 
defined  in  sjiecificaticjiis  issued  by  Headquarters,  Air  Force 
Ballistic  Systems  Division.  For  liquid  oxygen,  thes('  specifications, 
presented  in  TabU'  V,  recgiire  that  thf'  effluent  liquid  oxygen  from 
the  systc'm  shall  not  exceed  the  limits  set  for  total  hydrocarbons, 
acetylene,  and  solid  particles. 

The  25  ppm  by  weight  total  solid  particles  limit  of  these  cleanliness 
specifications  is  equivalent  to  2.9  milligrams  per  liter  of  oxygen  as 
compared  fo  2.5  milligrams  per  liter  specified  by  the  interim  pro¬ 
curement  and  use  limits.  (Fuel  propellant  loading  systems  are 
limited  to  ten  times  this  amount  of  solid  particles. )  The  eciuiimient 
])article  size  is  limited  to  a  maximum  dimension  of  150  microns 
while  the  interim  procurement  and  use  limits  specify  40  and  72 
microns  absolute',  respectively.  These  differences  could  result 
in  tiu'  propellant  loading  system  contributing  solid  contaminants 
lo  litiuid  oxygen  in  excess  of  the  use  limit  for  the  latter. 

Rocket  Propulsion  System 

Manufactuix'i's  of  rocket  i)ro])ulsion  svlems  (1)  spe'cify  tIu'  limits 
pr('S('iilefl  in  T.tbu'  VI  for  the  liciuid  oxygen  luirdwaix'  compoiu'iils 
of  the  missile.  I'liese'  specifications  arc  broader  than  those'  for 
tIu'  loading  s;>sl('m.  Coiuu'i vably ,  lieiuid  oxygen  loaded  into  the 
missiU'  coulrl  on  |•('lul'n  lo  the  launch-sit('  support  eciuiinrK'iit  coii- 
laminalc'  llu'  latter  to  a  i)oint  that  it  is  in  ('xcc'ss  of  its  chxinlim'ss 
sjiecificatioiis. 


SUPPLEMENTAL  AGREEMENT  NO.  1 
Sourc('s  and  Mech.inisms  for  lg,'nition 

Ignition  of  a  nonhypcrgolic  sysle'in  ix'ciuires  a  combustible  syste'in  and  a 
soui'ce  of  ('iiergy.  Prol)al)h'  ignition  initiators  found  in  litiuid  oxygen 
systems  are  not  highly  ('lu'rge'lic.  Liciuid  oxygen  systc'ins  can  dc'tonatc' 
by  initiating'  a  combustion  w.ivc'  with  a  wc'ak  ignition  source',.  This  com- 
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TABLE  V 


CLEANLINESS  SPECIFICATIONS  FOR  UQUID  OXYGEN 
PROPELLANT  LOADING  SYSTEMS 


Maximum  Limits  of  Contaminanta  in  Flushing  Liquid  Effluent 


Total  hydrocarbons,  by  weight  as  carbon 

75  ppm 

Acetylene  (lilosvay  method) 

1. 0  ppm 

Total  solid  oarticles  (by  weight) 

25  ppm 

Particle  distribution 

None  over 

150  microns* 

Water  content 

None 

♦Liquid  oxygen  used  for  the  system  test  must  be  prefiltered 
through  a  10  micron  filter. 
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TABLE  VI 

CLEANLINESS  SPECIFICATION  FOR  LIQUID  OXYGEN  lURDWARE 
IN  ROCKET  PROPUl^ION  SYSTEMS 


Hydrocarbon  per  square  foot 
Solid  particles  -  total 

-  distribution: 


8  mg.  maximum 
10  mg.  per  liter  maximum 


Particles 


Longest  Dimension  -  microns 
0  -  300 
300  -  500 
500  -  1000 
over  1000 


No,  of  Particles  Allowed 
No  limit  by  count 
5  per  100  ml  of  liquid 
1  per  100  ml  of  liquid 
No  particles  allowed 


Fibers 


Dimension  -  microns 
Length  Maximum  Diameter 
0-750  25 

750-2000  25 

2000-6000  40 

Over  6000 


No.  of  Fibers  Allowed 
No  limit  by  count 
20  per  100  ml  of  liquid 
2  per  100  ml  of  liquid 
No  fibers  allowed 
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bustion  wave  can  i.i  turn  initiate  a  detonation  in  tlie  bulk  of  the  liquid 
oxygen  system. 

General 


The  range  of  energies  needed  for  ignition  in  liciuid  oxygen  system 
and  the  range  of  energies  available  from  possible  ignition 
mechanisms  are  wide.  It  is  unlikely,  however,  thal  in  most 
cases  the  ignition  energies  will  be  greater  for  the  bulk  of  tlie 
system  tlian  what  is  available  from  the  ignition  mechanism.  In 
these  case’s  ignitions  of  the  bulk  system  can  be  caused  by  a 
secondary  mechanism;  a  weak  igniter,  igniting  a  local  sensitive 
mixture,  which  in  turn  can  ititiate  a  detonation  wave  in  the  bulk 
of  the  liquid  oxygen  system.  Particular  efforts  should  be  made 
to  eliminate  sensitive,  low  ignition  energy,  contaminants,  such 
as  acetylene  or  fuel  films. 


Electrostatic  charge  accumulation  and  discharge  are  common 
hazards  in  handling  flowing  liquids,  especially  liciuid  fuels. 
Normal  safety  practice  dictates  that  all  portions  of  the  storage 
and  transfer  systems  must  be  cdectrically  grounded.  Slosliing 
of  the  liquids  must  be  held  to  a  minimum  as  tlu'  moving  of  tlie 
liquid,  a  poor  conductor  over  the  tank  surfaces,  also  a  poor 
conductor,  causes  ions  and  electrons  to  cross  from  one  surface 
to  the  other.  This  results  in  gemeration  of  equal  and  opposite 
charges  on  the  surfaces. 


Pure  liciuid  oxygen  is,  in  itself,  a  very  poor  conductor.  However, 
small  amounts  of  polar  impurities  increase  the  conductivity  con¬ 
siderably.  'ilia  liazardous  range  of  conductivity  is  from  10“^^  to 
10“^^  mhs/cm.  Geometry  of  the  system,  flow  cliaracteristics, 
(i.e.  2  pliase  vs.  1  phase)  elect,  properties  of  the  components  of 
the  systc'm  and  the  nature  and  amounts  of  the  impurities  all  con 
tribute  to  tlie  hazard.  Please  refer  to  Apiiendix  D  for  a  detailed 
explanation  of  the  static  phenomenon. 
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Sources  of  I^^nilion 

Carbon  stool  pipe  or  container  can  burn  in  pure  oxygen,  as  the 
flame  temperature  is  higher  than  that  of  the  melting  temperature 
on  the  oxide  formed  by  the  reaction.  Initiation,  liowever,  requires 
altainmenl  of  st('el  moiling  temperalure  by  the  initiator. 

Homogeneous  solutions  in  licpiid  oxygen  can  exceed  flammability 
limits  (19) 

Poorly  miscible  contaminants,  such  as  acetylene,  can  exist  as 
a  sollijGli  dls|iorsion  in  liquid  oxygen. 

Lubricani's  firom  compressors  and  valves,  and  fuels  seeping 
through  convinon  pressurizing  sysicuns,  can  build  up  a  surface 
coating  on  pipes  and  containers, 

Ozoiu'  has  not  laum  detected  in  liquid  oxygen  in  dangerous  quantili('s. 
The  possibility  exists,  however,  that  ozone  can  be  generated  and 
concentrated  in  one  spot  in  a  liquid  oxygen  system, 

Non-combuslit)le  solids  may  enhance  the  ignition  iiazard  in  a  com¬ 
bustible  system  by  functioning  as  hot  spots,  reaction  catalysts,  oi- 
a  surface  for  electric  charge  separation  in  a  flowing  system. 

Ignition  Mechanisms 

Sjxfi’ks 

Sparks  can  evolve  from  unsluelded  electrical  eciuipimuit  or  by 
elect rostatic  discharge. 

Impact 

Impact  can  be  induced  by  .i  shock  wave'  due  to  sudden  openiiif^  or 
elosuix'  of  valv('s  and  relief  device's,  or  by  friction  of  sliding 
surface's  in  a  valve,  pumj)  bearings,  or  slip  flow  eef  se)lids  in  the' 
liepiid  stre'am,  Impaeis  usually  eauise  ignitif)n  through  se’e:onelary 
meeh.uiisms;  by  adiabatic  ee)mpre'ssit)n  e)f  minute  bubbles  e)r  by 
he’ating  of  grit  partiede's  eir  surfae'e'  defects. 
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Catcilysts 


Solid  or  solidified  impuriiies  (mii  catalyze  exollierniie  reactions 
that  will  (h'veiop  into  flanies  or  detonations, 

Ener^i;y  Cons id(' rat  ions 

Th('  niinimuin  i}^nition  ener[;y  of  volatili'  solvents  in  ^asc'ous  oxyipni 
is  of  the  ordc'r  of  0.  2  niilli jouh'S  (Ifl).  Aelivatc'd  carbon  soak('d  in 
licpiid  oxypnni  reciuired  2  to  30  .Ionics  (or  spai’k  i[^nition  (27)  and 
20  to  500  Joules  for  ipniition  by  impact.  The  maximum  rantic'  of 
ipmition  energies  for  LOX  systems  is,  therefore,  10-4  _  lo+3  joiil(>s. 

It  has  been  shown  (19)  that  the  lowest  flammability  limit  of  methaiu' 
and  ethane  arc'  hgher  in  LOX  than  in  gasc'ous  oxygen.  The  large  tu'at 
sink  available  in  LOX  requires  more  energy  from  the  combustion 
reaction  to  maintain  combustion.  By  the  same'  token  more  encriyy 
will  !)('  requirc'd  for  ignition  in  homogc'nc'ous  mixture's  of  a  combustible 
with  LOX  than  with  gvise'ous  oxygen. 

In  a  tu't('rog'('neous  system,  such  as  a  film  or  pool  of  combustible'  on 
the  surface  of  a  pipe,  a  solid,  or  a  container,  the'  increase'  in  i-atc' 
of  diffusion  of  oxygen  to  the  reaction  zone'  (diu'  to  tlu'  large*  conce'n- 
t rations  of  oxygy'ii  at  close'  proximity)  m.iy  offset  the'  coolinc;  effect 
of  the'  L.OX.  and  ignitie)n  energie'S  may  be  of  the  same’  eerde'r  e)f  magni¬ 
tude  as  with  gase’eeus  oxygen. 

In  our  weerk  on  ignitieen  e)f  tiydrocarbe)n  films  in  gase'ous  and  lieiuid 
oxygen,  obse'rvat ie)ns  ..heewed  that  a  ring  was  burnt  ai’eeund  the'  |)ipe' 
sui-fae'e',  cente're'd  at  the  le)e'atie)n  eef  the  igpiit  o'.  The*  film  ignited  anei 
the'  flame'  jereepagate'd  a  sheert  distaiK’e  be'feire'  being  que'iu'he'd  by  the' 
cooling  effe’cts  eet  the  e'eeld  surfaea'  and  the*  lieiuid  eexyge'ii. 

The'  rate-  of  eneo'gy  applie'ation  is  another  important  eaensiele' rat  ieni. 

As  the'  rate'  eef  e’lie'i'gy  applie'atieen  ek'e're'ase'S,  the'  ignitieen  e'lU'rgy 
iiu'i'e'ase'S  (26).  This  e'ffea't  is  mostly  a  functieen  e)f  the  ge’eeme’try  of 
the'  ieenile'r  and  is  governe'et  by  the'  rate'  eef  heat  le)sse's  from  the' 
ignition  zone'. 
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Spark 

An  electrostatically  generated  spark  will  give  up  10"^  to  lO”? 
Joules,  depending  on  the  electrical  conductivity  of  the  system. 
Discharge  time  is  fast,  about  sec  (17)  and  calorimetric 
experiments  established  that  85%  of  spark  energy  is  available 
foi'  ignition  in  the  form  of  heat  (17). 

Impact 

Ignition  by  impact  alone  requires  a  large  amount  of  gross  impact 
energy  (6)  unless  a  secondary  mechanism  can  operate. 

Sliding  impacts  can  generate  a  temperature  elevation  of  1000°C, 
for  10-4  ii,  piece  of  grit  on  the  surface,  or  in  a  defect  in 
the  surface  (7).  The  presence  of  a  liquid  film  on  the  surface 
requires  greater  impact  energies  to  generate  hot  spots,  but 
does  not  prevent  their  generation.  Poor  thermiil  conductors 
require  less  energy  to  form  a  hot  spot,  than  good  conductors  and 
the  maximum  temperatures  attainable  are  limited  by  the  melting 
points  of  the  surfaces.  A  hot  spot  one  millimeter  in  diameter, 

0.  5  mm  thick  in  a  steel  surface  can  give  up  20  m.  j.  when  it  is 
cooled  by  10° C.  The  amount  of  energy  available  from  a  hot  spot 
is  limited  by  heat  transfer  considerations,  unless  the  hot  spot 
is  generated  in  a  combustible  particle. 

An  adiabatically  compressed  bubble  of  oxygon,  one  mm  in  diameter, 
compressed  from  20  psia  to  2600  psia,  starting  at  100° K  will  acquiio' 
approximately  1  m,.  j.  of  energy. 

Catalysis 

A  catalyst  can  reduce  the  ignition  energy  by  oecreasing  tlie  acti¬ 
vation  energy  of  the  overall  reaction.  It  can  also  serve  as  a  heat 
sink  and  [n’cvent  tlie  formation  of  a  hot  spot,  Tliis  depends  on  the 
material,  geometry  and  size  of  particle.  Smaller  particU'S  arc' 
more  liazardous  as  catalysts  than  larger  particles. 
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Hydrocarbon  Film  Ignition  Tests 


General 


Igniiion  of  hydrocarbon  film  whicli  exist  on  tlie  wall  of  piping  or 
vessels  in  gaseous  oxygen  service  is  of  major  interest  to  all 
who  are  involved  in  the  handling  of  oxygen. 

The  tests  conducted  under  this  program  were  particularly  dc'signed 
to  aid  in  the  determination  of  a  reasonable  safety  limit  for  the  con- 
ci'iit ration  of  hydrocarbons  on  the  surface  of  ground  support  equip¬ 
ment  or  piping  to  be  used  in  lieu  of  the  4000  microgram  per  square 
foot  (meg/sq  ft)  standard  developed  by  LeSuer  and  Williams  (16) 
in  their  interim  standard  report.  This  level  of  contamination  was 
based  on  tests  run  at  Cape  Canaveral  Missile  Test  Center  using 
RP-1  as  the  contaminant,  RP-1  is  highly  combustible  and  conse- 
iiuently  promoted  a  safe  upper  limit  which  may  be  excessive  when 
a  normal  lubricant  is  considered.  A  4000  meg/sq  ft  concentration 
is  a  ostensibly  clean  dry  surface. 

Palmer  (20)  reported  work  performed  by  Loison  in  1952,  These 
tests  wore  performed  with  an  oil  concentration  of  about  20,000 
milligrams  per  square  foot  and  a  long  (200  to  300  ft)  pipe  under 
100  psig  air  pressure.  This  combination  ruptured  the  i)i])e.  Tlu're- 
fore,  the  area  of  present  interest  is  between  4  mg/sci  ft  and  20,000 
mg/sq  ft. 

Basyrov  and  Mikhedov  (4)  studied  the  detonation  limits  of  some 
Russian  lubricating  oils  solidified  and  dispersed  in  liquid  oxygen  at 
concentrations  of  7.5  to  21%  oil  in  BOX.  For  one  type  of  spindh' 
oil  in  a  mixture  of  15%  oil  in  LOX,  the  detonation  ability  was  si'i.ilar 
to  that  of  TNT. 

Some  unsyslfunatic  work  had  beem  done  at  Air  Products  and  Clumiicals, 
Inc.  ill  1956  and  1957  (3),  on  ignition  of  a  variety  of  lubricants  in  air, 
oxygcMi,  and  liiiuid  oxygen  The  amounts  of  oil  were  substantial  and 
powerful  di'tonators  were  used.  The  sound  of  the  detonation  and  a 
study  of  th(’  surviving  parts  of  the  equipment  indicated  that  the  oil 
ignited  in  all  tests.  No  quantitative  data  of  the  oil  film  concentrations 
wc'ci’  taken. 
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Equipment  Description 


Figures  7  and  8  shows  the  test  vessel  used  for  these  experiments. 

It  was  a  2-foot  section  of  1-inch  stainless  steel  pipe  with  two 
6-inch  long  1/2-inch  diameter  sections  at  each  end  'vhich  had  pro¬ 
visions  for  the  introduction  of  a  solution  of  hydrocarbon  (n-hexa- 
decane)  in  carbon  tetrachloride.  The  ignition  was  provided  by 
either  a  spark  coil  connected  to  tlie  electrode  or  by  an  electric 
match  inserted  at  the  center  of  the  pipe.  N-hexadecane  was  cliosen 
because  it  is  a  common  component  of  lubricating  oils  and  because 
a  single  hydrocarbon  is  more  easily  analyzed  than  a  mixture. 

Figure  9  is  a  photograph  of  a  typical  test  assembly. 

TEST  PROCEDURE 


A  n-hexadecane  film  was  applied  evenly  to  the  surface  of  a  clean  section 
of  pipe.  The  boiling  temperature  and  the  molecular  weight  of  n-hexadecane 
are  in  the  ranges  for  common  lubricants;  it  is  available  at  a  purity  of  at 
least  95%  and  its  concentration  in  solution  can  be  determined  with  accuracy. 

The  pipe  section  (Figures  7  and  9)  was  2  ft  of  1  inch  schedule  40  stainless 
steel  piiie  with  a  6-inch  section  of  nominal  1/2  inch  stainless  pipe  at  eacli 
end.  During  gaseous  oxygen  runs,  one  end  of  the  pipe  was  closed  by  a 
rupture  disc  made  of  1.  5  mill,  brass  foil  hi  a  modified  1/2  inch  union. 

These  discs  were  rated  at  400  psig.  A  rupture  disc  that  was  rated  at 
2000  psig  was  used  for  the  1500  psig  runs. 

The  hexadecanc  was  applied  to  the  surface  from  a  solution  in  carbon  tetra- 
cliloride,  wliich  was  evaporated  in  a  hot  water  bath  while  rotating  the  pipe 
section  to  achieve  uniformity  of  the  hydrocarbon  film  on  the  surface. 

Visual  and  tactile  observation  indicated  that  a  reasonable  degree  of  uni¬ 
formity  was  achieved.  The  amount  of  hydrocarbon  deposited  on  the  surface 
was  controlled  by  the  quantity  and  concentration  of  the  feed  solution.  The 
area  covered  was  calculated  to  be  0.  723  sq  ft. 

Two  ignition  mechanisms  were  used; 

The  first  mechamsm  was  a  high  voltage  spark.  A  Model-T  Ford 
ignition  coil  was  used  with  an  electrode  made  either  from  a  length 
of  nichrome  wire  in  a  compressed  Teflon  insulator,  or  a  copper 
wire  soidered  to  the  tip  of  a  spark  plug.  The  electrodes  were  in- 
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serted  at  tlic  middle  of  the  pipe  and  tlic  tip  of  the  wire  was  main¬ 
tained  at  a  distance  of  5  mm  from  the  opposite  pipe  wall,  which 
served  as  the  {^rounding  electrode.  The  power  input  to  the  spark 
coil  was  5  to  12  watts. 

The  second  mechanism  used  was  an  electric  matcli,  DuPont  S-65 
squib.  The  squib  was  stripped  of  its  insulation,  re -insulated  with 
ceramic  beads,  and  positioned  at  the  end  of  tlic  1"  pipe  section. 

This  squib  releases  4  to  8  calories  in  about  20  milliseconds. 

After  application  of  the  film,  the  pipe  section  was  cooled  to  room  temper¬ 
ature  and  the  igniter  and  the  oxygen  line  were  connected.  Tlic  pipe  was 
then  purged  witli  oxygen  for  five  minutes  to  remove  the  last  traces  of  the 
solvent  vapors.  The  rujiture  disc  assembly  was  then  tightened,  the  pipe 
was  pressurized  with  oxygen,  and  ignition  was  instigated.  The  same 
procedure  was  followed  for  the  blank  runs  e.\cept  that  ignition  was  not 
started  and  tlie  pipe  was  pressurized  at  50  psig  for  five  minutes. 

The  pipe  section  was  then  disassembled.  The  unburned  hcxadecane  was 
dissolved  in  two  125  cc  batches  of  fresh  carbon  tetrachloride  and  the 
combined  solution  was  concentrated  by  evaporation  of  most  of  the  solvent. 
The  volume  of  the  concentrate  was  measured  and  the  concentration  of  the 
n-hexadecane  was  determined  with  a  Beckman  IR-4  infrared  analyzer. 

For  the  runs  in  liciuid  oxygon,  the  end  sections  were  removed  after 
deposition  of  the  film  and  one  end  of  the  1-inch  section  was  capped 
(Figure  8).  The  area  of  tlie  section  was  calculated  to  be  0.  548  sq  ft. 

The  pipe  was  immersed  vertically  in  liquid  nitrogen  conUiined  in  a 
stainless  steel  dewar.  Gaseous  oxygen  was  fed  into  the  top  of  tlie  pipe 
and  liquid  oxygen  was  condensed  to  fill  about  80%  of  the  volume.  By 
using  this  condensation  technique  in  contrast  with  previous  experiments 
in  which  liquid  oxygen  had  been  poured  into  warm  containers,  only  a 
small  amount  of  oxygen  was  present  in  case  a  detonation  would  be 
initiated.  Thick  electrical  insulation  was  used  on  the  high  voltage  liiie 
and  the  pipe  itself  to  prevent  current  leakage.  Following  ignition  the 
pipe  was  removed  and  warmed  slowly.  The  residual  hcxadecane  wa.s 
dissolved  in  carbon-tetrachloride,  concentrated,  and  analyzed. 

The  jiipe  section  was  disconnected  and  opened.  The  remaining  film  was 
dissolved  in  two  125  cc  batches  of  fresh  carbon  tetrachloride.  This 
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Holulioii  was  c-onccnt rated  by  evaporation  of  most  of  the  solvent  in  a 
standard  Pyn'x  ('vapo)'ation  unit,  and  the  n-hexiideeano  in  tlic'  eoneent rate 
was  detc'rmiiu'd. 

Discussion  of  Results 

The  I'csults,  plotted  as  surface  concentraticjn  of  hexadecanc'  (m[f/s(i  ft 
of  ])ipe  surface’)  apainst  Itu'  percmil  I'ecovery  of  the  hexadccano,  are 
<j,iven  in  Fixtures  10  Ihrouph  12. 

Since  all  ipnition  work  is  pe'uej'ally  poorly  reproducible,  a  number  of  runs 
were  made  at  each  coiu-ent ration  and  the  results  wt'ia'  plotted  in  a  statis¬ 
tical  form  instead  of  showing  the  individual  points.  The  plot  for  each 
concentration  rc'prese'nts  the  95%  confidence  limit  of  the  results  and  was 
calculated  by  tlu'  relation  x  i  S _ where  X  is  the  average  per  cemt 

of  unburnt  ti{'xad(H'ane  recovered  in  all  tlu;  runs  at  tliat  coiuamt ration. 

S/n  is  tiu’  standard  dc'viation  for  these  runs  and  n  is  the  numbei-  of 
runs.  'File  numb(;r  of  runs  is  also  given  on  the  plot.  These  data  and  the 
results  of  the  individual  runs  are  also  given  in  Table  VII. 

In  Figure  10  the  95%  confidence  limit  of  all  11  blank  runs  is  99.  3  i  5.  7, 
The  spiaxid  of  the  squil)  ignition  runs  is  greater,  since  a  small  area  that 
burns  under  the  igniter  is  not  reproducible'. 

TIu'  infrared  analysc's  of  the'  liexadecaiu!  in  the  carbon  tetrachloride'  W'ei'e' 
reproducible  te)  0.3  mg/cc.,  This  uncertainty  could  cause  a  deviatie)n  e)f 
2%  in  the  receive ry  in  the  1000  mg/sei  ft  range  and  a  deviatiein  of  15%  in 
the  100  mg/sei  ft  range'.  This  is  the  prejl)able  reasein  fe)r  the  large'r  se'atte'r 
e)f  the'  data  at  leiwer  e'e)ne:eiit rations. 

At  the  higlu'St  surfae'e  e-e)nce'nl  ralieins  used,  there  was  imt  sufficie'iit  ejxyge'u 
at  50  irsig  te)  huiai  all  the'  hexade'cane.  The'  twe)  breiken  lines  on  Figui'e:  10 
indicate  the-  minimum  r('ce)very  e)f  he'xadt'cane  fe)r  the'  two  e'once'iilratieins, 
if  all  the'  e)xyg,e’n  at  50  psig  is  e'einsunu'd  in  a  stoichieime't  I’ic  I’alie)  te)  fnnn 
only  C02  and  1120  as  e'e)mbustie)n  i)re)ducls.  Actually,  se)me'  e’arbein  is 
fe)rmed  in  all  ignitie)n  runs  and  ceeitside'ralde  amounts  of  e'arbe)n  were' 
found  in  the’  high  ceeiu'e'ut  ixilieni  runs.  In  the  twe)  highest  cone'ent  rat  ieiii  runs 
at  0000  mg;.s;i  ft  a  ele'te)nat ii'ii  wave  Inlieiwed  the'  ignitie)n.  Sub.se'e[ue’iit  iinis 
we're’  ni.iele’  at  lowe’r  e'e)ne'enl  ratteens. 
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Effect  of  Pressure 

No  significant  effect  was  found  in  the  range  of  20  to  200  psig.  In  ten 
runs  made  at  1050  mg/sq  ft  and  1500  psig,  tlie  recovc'ry  was  83  ±  6%, 
compared  to  a  recovery  of  99  ±  3%  for  ton  runs  at  tlie  same  concentration 
and  pressures  of  20  to  200  psig.  Increased  pressure  is  known  (5)  to 
decrease  the  ignition  temperature  of  lubricating  oils  and  the  increased 
solubility  of  oxygen  in  the  oil  film  probably  helps  to  j^ropagate  combustion. 

Effect  of  Ignition  Mechanism 

Combustion  properties  of  the  system  hexadecane-oxygen  were  estimated 
from  the  literature  (10,22,25).  The  quenching  distance  was  estimated 
to  be  less  than  4  mm.  Therefore,  the  sparking  electrode  was  kept  at  a 
distance  of  5  mm  from  the  wall.  The  minimum  ignition  energy  was  esti¬ 
mated  to  be  6  X  10  -3  cal.  The  ignition  energy  of  both  ignition  mechanisms 
used  was  considerably  higher.  The  energy  of  the  spark  was  of  the  same 
magnitude  as  friction  or  impact  effects  that  are  possible  sources  of 
ignition  in  a  pipe  system.  The  rate  of  application  of  the  ignition  energy 
of  the  electric  match  is  several  orders  of  magnitude  greater  than  that  of 
the  spark.  There  is,  however,  no  way  of  directly  comparing  different 
ignition  mechanisms.  It  is  very  unlikely  though  that  self-ignition  in  a 
LOX  system  will  be  instigated  by  a  source  as  powerful  as  an  electric 
match. 

Tlu'  (lata  in  Figure'  It  on  the  results  of  igiiition  by  an  eU'C'tric  match  show 
no  mark('(l  significances  from  the  data  in  Figure  10,  except  for  poorer 
repi'oducibility.  Possibly  more  hexedecane  dirc'ctly  under  the  squib  was 
buriu'cl. 

Effc'ct  of  Temperature 


In  about  one-fourth  of  the  runs  using  spark  ignition,  tlu;  lulx'  was  ch'liberately 
not  allow('d  to  cool  after  evaporation  of  the  solvent.  The  temperature'  of 
the  pipe  was  30  to  40  degrees  Centigj’ade  above  ambient  temperature'.  No 
effect  of  (('inperature  iti  this  lange  was  found 

At  liquitl  nilroge'ii  tempe’ralure'S.  the  hydrocarbon  film  on  tiu'  surface'  of 
th('  pi|ie  fi-(’('/('s,  and  a  small  amount  (!f  film  flakes  off.  The  fi'o/.e'ii  oil, 
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bciiifi;  less  dense  than  {h(>  LOX,  floats  to  the  surface  creating  an  increased 
hazard. 

Blank  runs  were  made  to  ('valuate  tlie  magnitude  of  this  effect.  The 
freezing,  flaking,  and  floating  mechanism  was  not  large  below  concen¬ 
trations  of  500  mg/sq  ft  (Figure  12). 

In  the  liquid  oxygen  runs,  the  inside  of  the  pipe  was  observed  before  and 
after  ignition.  At  a  hexadecane  concentration  of  1000  mg/sq  ft,  a  bright 
ring  about  2  inches  long,  symmetrical  ab(Hit  the  sparkling  electrode,  was 
observed.  This  indicated  that  ignition  had  started  but  did  not  propagate. 
No  such  rings  were  observed  in  the  blank  runs.  At  lower  concentrations, 
small  patches  of  clean  areas  were  observed  under  the  electrodes  after 
ignition  but  no  continuous  burned  region  was  evident. 

Effect  of  Lubricant  Flow 

At  surface  concentrations  of  over  1000  mg/sq  ft,  some  mobility  of  oil 
on  th('  surface  was  observed.  It  seemed  likely  that  at  high  surface  con¬ 
centrations  some  of  the  film  would  flow  to  the  lowest  parts  of  the  system, 
accumulate,  and  increase  the  ignition  hazard  at  that  location. 

Some  experiments  were  made  to  determine  the  coiicentration  level  at 
which  this  effect  becomes  pronounced,  A  tray  was  constructed  from  a 
3/16- inch  flat  stainless  steel  plate  (0.80  sq  ft  surface  area).  Thin  walls 
were'  connected,  using  an  epoxy  resin  adhesive.  The  surface  was  coated 
successively  with  100,  250,  500,  1000,  and  2500  mg/sq  ft  of  n-hexad('cane 
l)y  applying  predetermined  amounts  of  20  mg/cc  solution  of  hexiidecane  in 
carbon  tetrachloride.  The  solvent  was  evaporated  using  an  infrared  lamp. 
Smear  tests  were  made  at  each  concentration  by  rubbing  a  finger  on  the 
surf;ici'  and  observing  reflected  light  from  the  surface.  No  smearing  was 
observed  at  100  and  250  mg/sq  ft.  Slight  smearing  was  observed  at 
500  mg/sq  ft.  Smearing  was  considerable  at  1000  mg/sq  ft  and  at 
2500  mg/sq  ft,  it  was  possible  to  push  the  oil  on  the  surface. 

Saf('  Concentration  Level 

From  Figures  10  through  12,  it  would  seem  that  a  hexadecane  level  of 
1000  mg\  sq  ft  can  be  tolerated  for  gaseous  oxygen  and  a  slightly  lowcir 
l('V('l  than  1000  mg/sq  ft  can  be  tolerated  for  liquid  oxygen.  Flaking  of 
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the  lubricant  in  LOX,  and  film  flow  at  ambient  temperature,  reduce  the 
safe  level  to  about  500  mg/sq  ft. 

In  liquid  oxygen,  floating  frozen  oil  will  flow  with  the  LOX  and  accumulate 
at  dead  ends  downstream.  In  gaseous  oxygen,  flowing  films  wilt  collect 
at  low  levels.  Sampling  of  lines  for  luliricant  contaminants  should 
therefore  be  made  at  the  lowest  levels  in  ambient  temperature  lines,  and 
at  low  velocity  zones  in  liquid  oxygem  systems. 

Tile  recommended  safe  level  contamination  with  hydrocarbons  with  viscosity 
and  vajior  pressure  similar  to  hexadecane  is  100  nig/sq  ft. 

FILTRATION  OF  SOLID  CARBON  DIOXIDE  FROM  LIQUID  OXYGEN 


General 

The  average  carbon  dioxide  (CO2)  concentration  in  the  atmosphere  is 
approximately  320  ppm.  In  the  commercial  low  temperature  air  sepiaration 
processes  by  which  liquid  oxygen  is  produced  in  the  United  States,  this  is 
reduced  to  a  concentration  of  the  order  of  1  to  5  ppm  by  one  of  two  methods: 
by  scrubbing  the  air  with  a  caustic  solution  which  combines  with  the  CO2 
to  form  an  insoluble  carbonate;  by  solidification  and  subsequent  filtration. 

In  either  case,  because  of  the  solubility  of  CO2  in  liquid  air,  essentially 
all  CO2  which  enters  the  cold  section  of  the  liquid  oxygen  producing  equip¬ 
ment  becomes  concentrated  in  the  liquid  phase.  During  the  processing  of 
this  liquid,  it  is  passed  through  mechanical  filters  which  are  designed  to 
remove  the  last  traces  of  solid  CO2,  However,  it  has  been  the  experienc(' 
of  thes('  vendors  that  not  all  of  the  C02  is  retained  by  the  filters  and  some 
is  withdrawn  in  the  product. 

Few  users  (jf  commercial  oxygen  are  concerned  about  the  preseiua'  of  small 
quantities  of  solid  carbon  dioxide.  In  fact,  few  commercial  users  apply 
liquid  oxygen  directly.  In  most  cases,  the  liquid  oxygen  is  vaporized  and 
super-heated  to  ambient  temperatures  in  the  facilities  supplied  by  the 
custonuM'  or  vanidor.  Under  these  conditions,  the  solid  CO2  is  also 
vaporiz('d  and  becomes  an  unnoticeable  contaminant  in  tlu'  usabh'  gas. 

The  storage  and  rapid  turnover  charactc'ristics  of  commprc:ial  users 
l)recludo  concentration  of  solid  CO2  over  pc'riods  of  weeks  to  yt'ars,. 

The  missile  industry  alone  is  faced  with  tlu'  jiroblems  of  long-t('rm  licpiid 


4  1 


SPARKING  ELECTRODE 
GROUND  OR  SPARK  PLUG 

WIRE  , 


UJ 

o  K 
>-  tiJ  O 
X  CC  H 
O  3  < 

<J  >  _l 

5  w  D 
Oui  O 

a:  q:  lii 

u.  CL  or 


UJ 

or 

3  U 
h-  in 
CL  — 

CE 


42 


FIGURE  7.  SCHEMATIC  DRAWING  OF  APPARATUS  USING  GASEOUS  OXYGEN 


HIGH  VOLTAGE  LINE 


FIGURE  8.  SCHEMATIC  DRAWING  OF  APPARATUS 

USING  LIQUID  OXYGEN 
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FIGURE  10.  RECOVERY  OF  HEXADECANE  FILMS  AFTER 
SPARK  IGNITION  IN  LIQUID  OXYGEN 


45 


HDH  2 


SURFACE 
CONCENTRATION 
MG  /  SO.  FT. 


PERCENT  RECOVERY 


FIGURE  II,  RECOVERY  OF  HEXADECANE  FILMS  AFTER 
IGNITION  WITH  AN  ELECTRIC  MATCH  IN  GASEOUS 
OXYGEN  UNDER  200  PSIG  PRESSURE 
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FIGURE  12.  RECOVERY  OF  HEXADECANE  FILMS  AFTER 
SPARK  IGNITION  IN  GASEOUS  OXYGEN 
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oxygon  storage,  concentration  of  CO2  by  vaporization,  and  by  frequent 
handlings  between  vendor,  tank  truck,  launch  site  storage,  and  return 
from  missile,  Tliercfore,  the  relatively  new  and  unexplored  field  of 
removal  of  the  last  vestiges  of  solid  CO2  which  do  remain  in  the  com¬ 
mercial  oxygen  product  part  has  become  of  greater  importance.  The 
reason  is  that  tlie  solid  CO2  will  agglomerate  wliere  conditions  are 
static,  as  found  in  storage  vessel  and  in  tlie  launch  pad  storage  lank. 

These  larger  particles  may  not  be  broken  down  during  subsequent 
agitation  nnd  may  possibly  create  a  blockage  in  some  missile  LOX 
system. 

Under  the  subject  contract  an  investigation  was  undertaken  to  study  the 
means  and  problems  of  removing  the  last  remaining  solid  CO2.  This 
problem  can  be  divided  into  two  pliases:  the  removal  of  solid  CO2  from 
liquid  oxygen  at  the  producer's  plant  site  upon  or  before  delivery  to  the 
customer,  and  subsequent  removal  of  C02  which  may  liavc  been  in 
solution  in  the  liquid  oxygen  as  produced  by  the  vendor,  but  which  by 
reason  of  handling,  long  term  storage,  or  involvement  in  missile  operations 
has  been  concentrated  to  the  point  where  the  CO2  has  exceeded  the  solu- 
i)ility  limit  in  liquid  oxygen  and  has  begun  to  precipitate.  At  this  point, 
the  mechanical  considerations  are  given  essentially  the  same  as  those 
at  die  producers'  sites.  The  obvious  means  of  removing  solid  particles 
from  a  liquid  is  liy  filtration.  In  this  process  the  solid-bearing  liquid 
is  passed  through  a  medium  wliicii  contains  openings  smaller  than  the 
smallest  desired  particles  to  be  left  remaining  in  the  solution.  Tliese 
particles  are  retained  on  the  upstream  side  of  the  filter  element  and  at 
int('rvals  tlu'  [larticles  are  removed. 

This  leads  diri'ctly  into  a  study  of  the  factors  involved  in  satisfactorily 
filt(M'ing  solid  CO2  from  liquid  oxygen.  The  agglomeration  of  these 
jiarticles  pri^vious  to  filtering  is  of  prime  importance.  This  o])eration 
is  best  carried  out  in  a  quiescent  pool  of  liquid  since  turl)ulence  of  the 
mixture  tends  to  break  up  the  particles  of  solid  CO2.  The  factor  of 
particle  break-up  has  l)een  scam  to  operate  on  relatively  large  particles 
alrcxidy  formed,  Alttiough  these  particles  ap])ear  to  be  sf)lid,  they  break 
into  many  small  pi(‘ces  upon  agitation  of  the  liquid. 

Com|dicating  this  situation  is  th('  nature  of  CO2  partictes.  These'  partiedes 
cannot  be  analyze’d  by  the  normal  screening  pe'oeedures  because'  eif  this 
hre’ak-eip  tende'iicy  and  bee’ause  the  CO2  particles  e'xist  only  at  hew  te'mper- 
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atiires  and  not  at  room  temperatures  where  normal  screening  processes 
arc  conducted.  Under  approximately  40  microns  in  diameter,  a  particle 
is  not  visible  to  the  naked  eye.  Although  the  filtrate  may  appear  clear, 
this  same  liquid,  vaporized  and  heated  to  room  temperature  and  passed 
through  a  CO2  analyzer,  will  reveal  the  presence  of  C02« 

Apparatus  and  Test  Procedure 


Figure  13  presents  a  schematic  flow  diagram  of  the  equipment  used  in 
the  tests.  The  equipment  is  also  shown  in  detail  in  Figures  14  through 
18.  This  diagram  is  referenced  in  subsection  -  Test  Procedure.  During 
a  test  run,  C02-contaminated  liquid  oxygen  is  transferred  from  vessel 
1  through  Filter  4  and  sample  coil  5  to  vent  through  V6.  In  order  to  take 
a  sample,  valves  Vg  and  V2  are  closed,  V7  is  opened  and  the  liquid  is 
transferred  into  the  sample  bottle  2  where  it  is  vaporized  for  analysis. 
Figure  14  shows  the  equipment  in  operating  position  without  the  Dewars 
in  place. 

The  identifying  numbers  on  the  succeeding  photographs  are  as  shown  in 
Figure  13.  After  5  runs,  filter  house  (4)  was  replaced  with  a  Lucite 
plastic  unit  so  that  the  filtering  process  could  be  visually  inspected. 

Sight  glass  and  scale  (6)  were  used  to  measure  throughput  during  a  test 
by  the  liquid  level  difference. 

Figure  15  shows  a  second  generation  plastic  filter  house  in  a  close-up 
view.  The  operation  of  this  model  is  the  same  as  the  previous  one  with 
exception  of  the  side  outlet  in  the  center  of  the  photograph.  During  the 
test,  the  flow  enters  at  the  opening  at  the  bottom  of  the  photograph  and  is 
split  in  the  filter  house.  The  excess  liquid  which  measures  the  turbuhmce 
leaves  by  the  side  opening  while  the  filtered  liquid  leaves  by  the  connection 
at  the  top. 

Figure  16  shows  the  assembly  in  Figure  15  disassembled  for  examination. 
The  filter  is  a  10-micron  nominal  pore  size  sintered  stainless  steel  unit 
purchased  as  a  laboratory  item  from  the  Purolator  Company.  It  is 
approximately  1-1/4"  long  by  9/16"  O.D,  Teflon  gaskets  are  used  to 
seal  the  flange  joint.  The  flow  through  this  filter  is  from  outside  to  inward. 

Figures  17  and  18  schematically  show  the  principle  of  operation  of  the  test 
filter  unit. 
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POROUS  SECTION 


Figure  17 

PLASTIC  FILTER  ASSEMBLY  WITH  CYLINDRICAL 
FILTER  ELEMENT.  (FULL  SIZE) 


OUT 

TO  SAMPLE  COIL 


SIDE  TAKE-CFF 
TO  WASTE 


Figure  18 

FILTER  ASSEMBLY  AS  MODIFIED  WITH 
SIDE  TAKE-OFF  FOR  HIGH  REYNOLDS 
NUMBER.  (FULL  SIZE) 
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Test  I^ruccdurc 

The  Dewar  flask  (3)  is  first  filled  with  liquid  iiilrogeii-  Valve  V3  is 
opened,  allowing  liquefaction  of  oxygen  containing  a  known  concentration 
of  solid  CO2  into  vessel  {2)„  A  regulated  supply  t)f  helium  is  then  con¬ 
nected  into  the  system  through  valve  V5  to  apply  a  steady  pressure  on 
the  liquid  oxygen  in  vessel  A  to  establish  the  flowrate  through  the  filter 
assembly.  After  steady  transfer  conditions  have  been  obtained,  valves 
Vg  and  V2  are  closed  (V7  had  been  closed),  trapping  a  sample  filter 
liquid  in  the  sample  coil.  Valve  V7  is  oi)ened  and  the  sample  is  trans¬ 
ferred  to  vessel  B  by  warming  the  coil  to  room  temperature  and  cooling 
vessel  B  in  liquid  nitrogen.  Valve  V7  is  closed;  the  sample  bottle  is 
detached,  warmed,  and  analyzed  for  CO2.  This  procedure  is  used  with 
all  samples  where  subcooled  liquid  is  filtered. 

The  same  arrangement  of  the  test  apparatus  is  used  when  boiling  liquid 
is  filtered,  except  a  small  heat  exchanger  is  inserted  immediately  before' 
valve  Vlo  This  exchanger  introduces  heat  into  the  contaminated  liquid 
oxygon  to  the  point  that  approximately  50%  gas  volume  can  be  observed  in 
the  filter  house  during  the  filtering  procedure.  All  other  parts  of  the 
procedure  remain  the  same. 

For  the  runs  whore  a  high  flow  rate  was  attempted,  the  3-1/8”  O.D.  sloixige 
vessel  was  changed  to  one  6-1/8”  O.D.;  the  larger  storage  volume  was  re¬ 
quired  in  order  to  make  a  run  for  a  reasonable  time  period. 

Operation  of  small-scale  equipment  for  handling  liquid  oxygen,  or  any 
other  liquid  with  a  boiling  point  far  below  ambient  temperature  is  very 
delicate.  The  liquid  exhibits  a  natural  tendency  to  boil  at  the;  most 
inopportune  times.  The  simple  operation  of  throttling  the  liquid  to  control 
flow  creates  a  two-phase  system  due  to  flash-off  caused  by  the  expansion 
through  a  valve.  The  equipment  and  procedures  for  these  tests  were 
revisc’d  several  times. 

The  procedure  of  obtaining  representative  samples  from  a  liquid  oxygen 
stream  carrying  suspended  solid  CO2  is  another  critical  operation.  If 
s;impling  is  done  by  a  simple  tap  into  the  stream,  the  solifis  will  flow 
jxist  rather  than  into  the  side  arm  wliich  produces  a  low  value.  Unless 
the  C02-bearing  liquid  oxygen  is  flash-vaporized  in  a  heater  whose  sur¬ 
faces  are  warna'r  than  the  sublimation  point  of  CO2,  the  C02  will  con- 
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coiilrah'  ill  the  boiling  liquid  and  the  aosulhint  analysis  will  bo  low.  If 
Iho  tubing  carrying  tlio  mixture  passes  tiiroag.i  a  warm  area,  tlie  CO2 
will  tend  to  deposit  out  on  the  walls  of  th.c  lube.  If  the  sample  is 
throttk'd,  the  CO2  will  tend  to  deposii  out  on  toe  valve  seal  or  disc. 

This  difficulty  in  properly  sampling  .'ro;'..  socid  C02-liquid  created 
many  problems  in  tost  equipment  desigi.  ijefore  productive  exiK'rimental 
work  could  b('  initiated. 

Discussion  of  Results 

Under  this  program,  87  separate  runs  were  made  under  many  different 
conditions  using  the  equipment  illusi.-:.:cd.  Results  of  these  runs  wc're 
previously  reported.  Two  pher.omena  hav('  begun  to  shown  even  though 
there  is  considerable  spread  in  the  recorded  data  due  to  difficulties  in 
handling  the  02--C02  mixture  in  small  equipment.  One  difficulty  is  the 
passage  of  visible  CO2  from  the  exit  of  the  filter  element  during  and 
immediately  after  times  when  the  elements  have  been  vibrated  mechani¬ 
cally.  The  filter  element  was  one  having  10-micron  rating.  Since  the 
Iow..r  limit  of  visibility  is  about  40  microns  in  diameter,  we  must  assume 
tliat  ir.is  cloud  is  due  to  a  large  quantity  of  individuality  invisible  particles. 
It  has  become  apparent  during  this  experiment  that  the  actual  filtering 
medium  is  the  cake  which  is  being  built  up  on  the  outside  of  the  filter 
element  rather  than  the  filter  element  itself.  In  other  works,  the  filter 
elenumt  is  simply  forming  a  base  for  the  actual  filtering  medium.  Upon 
agitation,  the  CO2  cake  is  broken  up  into  smaller  particles.  Some  par¬ 
ticles  immediately  pass  through  the  filter  element.  Obviously,  in  a 
plant  with  moving  machinery  such  a  condition  may  exist  at  all  times  in 
the  actual  production  filter  house. 

The  second  phenomenon  is  that  the  concentration  of  CO2  in  the  filtrate 
se('ms  to  vary  in  a  pattern  with  the  Reynolds  number  of  the  liquid  in 
the  filter  h.ouse  at  the  surface  of  the  filter  cake.  Figure  19  represents 
tlu’  rc'sults  of  all  runs  plotted  on  one  chart,  with  a  proposed  correlation 
of  these'  points.  The  Reynolds  number  is  a  flow  correlation  of 
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As  slaU'cl  pr('vi(uisly  in  this  report ,  tlu'  CO2  particles  will  aggionu'r.ilc' 
if  lli('  liquid  is  allowed  to  stand  quicdly  foi'  a  period  of  time.  Tlies(' 
agglomerations  ar(‘  known  to  break  up  if  the  quiescent  pot)]  is  agitated 
by  mechanical  means  oi'  simply  by  boiling  the  liquid.  This  agitation 
also  occiirs  during  tin'  transf('r  and  filtration  of  the  licjuid  in  the  tt'St 
api  aralus.  With  sufficitmt  agitation,  tlu'  filtering  t'fficit'ncy  of  th('  unit 
is  poor  regardh'ss  of  IIk'  rate  of  flow  (Set'  r'igurt'  19). 

Fi[;ur('  20  incorporatt'S  data  gathei'ed  at  APCI's  D('nv(M’  Facility  in 
Ff'bruai'y  and  April  1900  (3).  These'  data  are  byproducts  of  CO2 
sampling  bests  condueb'd  on  tlu'  70  ton  pt'r  day  liquid  oxygam  gcnu'i'at ing 
plant  at  that  loeation.  The  data  from  th(\s('  tests  as  shown  on  Figure  26 
agree'  wc'll  with  the-  laboratory  scab'  work  in  the'  portion  of  the'  curve' 
whe-re'  ove'r  lapping  e'xists.  The*  e'xle'tision  'oeyond  a  Re-ynolds  Numbe'r  of 
10'^  also  fe)llows  the'  patte'i'ii  set  up  in  Figure'  19. 

It  may  be  I'e-adily  se'en  from  the'  fore'going  data  that  filtration  of  the 
eiuality  reejuire'd  to  e'omplele'Iy  re'move'  soliel  CO2  fi’om  the'  lieiuiel  oxyge'ii 
as  it  e'lde'rs  the'  missile'  tank  e'annot  be'  ae'e'omj)lishe'el.  The'  liquiel  oxygen 
being  pumpe'd  to  the*  missile'  is  e'xtre'mely  turbule'iit  as  it  passe'S  through 
warm  line's  anel  fittings  tee  the'  missile  ttink.  Muedi  of  the'  se)liel  particle's 
are  uneloubte'dly  [tasse'd  through  the'  filte'r  anel  inte)  the  missile’  lank. 

While'  filtration  e'eadel  be'  ae'e'emiplishe'el  by  installing  a  1  mie'ron  peere  size' 
filte'r,  the'  re'Sullant  pressure' elrop  eir  flow  eh'ci'e'use  woulel  mate'rially 
e'hange,'  tanking  preee'e'elure'S.  In  adelilie)n.  a  filte’r  of  this  fine'iie'ss  is  not 
I'e'eiuire'el  for  re’iiieeval  of  eethe'r  seeliei  contaminants. 

Going  one'  sle'p  fui'tlie'i',  it  must  be'  pointe’el  out  that  e’ve’u  comph'te'  filte'ring 
(0  ppm  S'lliels  I  raiisfe'i’re'el)  is  not  the'  full  answe'r  le)  the'  pi'e)ble'm  e)f  seeliel 
CO2  in  the'  missile'  liejuid  ee.wgen  sysle'in.  CO2  is  seelubh'  in  lieiuiel  e)xyge'n 
te)  about  d.  !!  ppm,  Upeni  \-,)pe)i-izat  ion  e>f  the'  eexyge'ii  eluring'  ti'anspoi’l  lhi'e)iigh 
warm  line's  intei  a  waian  missile'  lank,  some-  eef  this  C'02  will  pi'e'e'ipilate'. 

Due'  tei  this  \'apoi'i/,al  ient  the'  (;()2  e-eme'e'iil  rat  ieeii  will  I’apieily  e-xea'e'el  the' 
solubility  limit  anel  pre'e'ipilale'  fi'enn  seilulion.  The're'upem.  the'  status  e)f 
the'  lieiuiel  bce'onie's  e-omparabh'  to  that  it  weeulel  have’  hael  Ihe're’  be'e’ii  nei 
serious  fille'i'ing. 

Since',  I  In'i'i'fo  ro ,  le'inoval  of  the'  (’02  hazarel  inveilve'S  I'e'nuival  of  beilh 
insohil'b  anel  elissidveei  (’Og.  some  piaie'e'ss  eithe'i'  than  in  aelelitie)n  lei 
simple  filli'alinii  is  elissol ve'ei.  Aelsorptiein  of  the'  elisseil ve'el  C()2  on 
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silic';i  i;(.'l  or  molecular  sieve  is  the  most  likely  solutioiu  However, 
because  of  the  cost  of  equipment  and  the  fact  that  tliis  is  another  piece 
of  equii)ment  in  the  already  complex  ground  support  phase,  the  question 
"Is  solid  CO2  in  missile  liquid  oxygen  dangerous?"  should  hi'  answered. 
No  missile'  failuia'S  have  been  attributed  dii'cctly  to  the  preseuce  of  CO2 
in  Ihc'  system.  However,  the  prese'iit  test  for  particulate'  matte'r  re'quire'S 
waimiing  the'  sample'  to  atmospheric  tenqK'rature.  During;  this  warm-up 
])('i-i()el,  the  CO2  sublimes  (-nO'’F)  and  thus  is  not  \'isible'  on  inspi'edion. 
Inspeel ions  of  fill  line  fille'i's  while'  e'old  have  shown  soliel  watc!’  anei  CO2 
on  Ihe’ir  surfae’es,  howe've’r. 

The'  filtration  of  natural  inert  solids,  rust,  stones,  metal  ediips,  welding 
slag  [)rese'nts  no  particular  problem,.  However,  little  e-an  be  de)ne  about 
filtration  of  these  items  until  the  various  re)e:ke't  engine  and  systems 
engineers  settle  on  an  alle)wable  maximum  siv.e  particle,,  It  is  understoe)d 
that  tests  are  being  run  with  liquid  oxygen  and  fuel  contaminated  with 
increasingly  larger  particles  to  determine  the  practical  upper  limit  for 
particulate  matti'r  sizing, 

SUPPLEMENTAL  AGREEMENT  NO.  2 


LOX  Handling  Practice  -  Cape  Canaveral 


Tlu'  liquid  oxygi'ii  us(!d  at  Cape  Canaveral  is  usually  su|)pliod  by  th('  LOX 
[iroduction  facility  operating  at  the  Cai)e.  This  facdlity  consists  of  two 
independent  plants  (1160  and  1161),  each  capable  of  producing  75  tons 
(15,  700  gal.)  of  LOX  per  d.'iy,  and  four  plant  storage  tanks,  eiu'h  with  a 
capacity  of  26,000  gallons..  Gi'iierally,  both  plants  0])('rate  at  tlu'  same 
time,  although  during  times  of  low  demand,  or  when  the  plant  storage' 
tanks  are  full,  one  plant  may  operate  while  the  other  is  either  standing 
by  or  is  being  maintained.  Occasionally,  at  limes  of  peak  demand,  LOX 
may  l)e  brought  in  from  an  outside  source’. 

Whe-n  liquid  oxyge’u  is  reeiuire'd  at  one  of  the'  complexes,  tank  traih’rs  are’ 
eli'ivi’ii  to  the'  prexiue'tion  fae'ility  anei  loaded  with  LOX  whiedi  is  filte're'd  as 
it  is  pumpi’d  from  the’  plant  storage’  tanks.  F’ejur  traih'i's  may  be'  loade’el 
at  one  time  from  the'  filte'r  manifold,  eae'h  traih'r  having  a  e'apae'ily  of 
3600  gallons.  Wlu'n  the  trailers  are  filU'd,  they  ai'c  eirive’ii  to  tiu'  e'om|)le!X 
area  anil  unloaded  into  Ihe  jiad  storage'  tank,  whie'h  has  a  e'apae'ily  of  26,000 
gallons.  The  traih’rs  are  imloadeal  by  pre'ssuri/.ing  the'  li'aile'r  lank  with 
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()xy^';c'n  gas  and  loix'iiig  llu’  conlonls  into  llu'  pad  iaiik  tliroagh  a  porla’jle 
filtor  unit, 

Aclivitic'S  associatocl  with  thu  LOX  storage  tanks  may  consist  of  lauiudiGS, 
static  firing  tests,  incomplotoci  or  recycled  countdowns,  missile  tanking 
tests,  dumping  the  storage'  tank  contents,  filling  and  topping  the  storage 
tank,  and  taking  sample's  lor  analysis,  Whc'ii  a  missile  is  scheduled  to 
be  launclied,  one  of  tlie  last  operations  to  be  pe.'rformed  is  U)ading  the 
missile  with  LOX  About  30  minutes  before  the  launch,  tlu^  LOX  storage 
tank  is  pressurized  witli  nitroge'n  gas  to  about  30  psig  to  provide'  pump 
suction  head  and  the  liquid  e)xygcn  is  pumpe'd  througli  filters  inte)  tlie 
missile  tank.  The  missile  lank  is  kept  full  by  adding  subcooled  liquid 
oxyge'ii  to  e'e)mpe'nsate  for  boil-off.  If  the  e'e)unl  is  held  u])  after  the 
LOXing  operation,  the  missile'  tank  is  topped  with  LOX  until  the  e’ount 
is  either  continue'd,  r('e;ycle'd,  or  eaince'lled.  If  the  e'ount  is  se'riously 
delayed  or  e'ancelled,  the  LOX  in  the  missile  tank  is  either  returned  te) 
the  storage;  tank  or  dise'arded.  Statie'  firing  ti'sts  folle)w  the  same  pre)- 
cedure  as  the  aedual  launedies.  Tanking  tests  are  desigiu'd  to  te'st  the; 

LOX  handling  sysle;m  by  filling  the  missile  tank.  After  a  tanking  test, 
the;  LOX  in  the  missile  tank  may  be  re'turiu'd  to  the  storage  lank  or 
discarded.  After  a  ste)rage  tank  is  dumpe'd,  generally  because  the  LOX 
eioes  not  meet  i)urity  e)r  partiedo  e‘e)unt  S))ecifie‘ations.  the  tank  is  usually 
purged  afterward  with  gase'ous  •■itrogen.  When  a  storage'  lank  is  loppe'd, 
it  is  generally  filled  until  the  LOX  ove'rflows  from  the  lank  vent  line',, 

Experimental  Preegi-am 

Sa. mpU'S  e)f  liquid  esxyge'U  we're'  lake'll  pt'rieidie'ally  from  the'  LOX  sten-age' 
tanks  eif  feiur  Atlas  eaimplexes  (Pads  II,  12,  13,  anei  14)  anel  twei  Titan 
eaimplexes  (Pads  19  anel  20),  as  we'll  as  fre)m  the'  preie  e'ss  stre'am  of  the' 

LOX  produe'tion  fae'ility  at  Cape'  Cana ve' rah.  The'se'  sam])le',s  we're'  then 
shipped  le)  Air  Products,  lne;e)i-pe)rate'el  (API)  at  Allc'nteiwn,  Pe'imsyl vania 
where'  tlu'y  we're'  analyze'el  for  a  variety  eif  eaimpone'iils.  At  time;s, 
eiuplie'ate'  sample's  weix'  taken  by  Pan-Anu'i’ie'an  Airways  Pael  Engine'e;ring 
and  analyzeel  at  the'  Patiae’k  AFB  Lal)oratory„  In  this  way,  e'ross-e'lme'ks 
we're'  made  of  the'  valielily  eif  the'  analytie’al  me-lluiels,  Analyse'S  at 
Alle'iitowm  we're’  pe'i'feirmed  em  all  sample's  by  at  le;asl  two  eliffe'ia'nl 
inslrunu'iits.  The’  first  instrument  was  ,i  dis|)e'rsi ve’-lype'  infi-arc'el 
spi'cti’oiihotome'te'r  (Be'e’kmaii  IR-4)  whiedi  was  use'd  to  ele’ti' rmiiu'  esirbon 
dioxiele',  nmlhane',  nitrous  oxiele',  w.ite'r  vapor,  and  ae'e'tyh'iie'.  The’ 
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secoiul  iiKsI  I'unu'iil  was  a  Mulli-Conta  niinaiil  Aiialy/an'  (MCA)  devc'l()|)('(l 
by  Air  I’roflucls  for  VVADD  iind('r  Conlract  No.  AF  33(6l6)-6747  and 
mack'  availabh'  for  the  presc'iii  study.  This  instrunienl  us('d  soparati' 
non-disp(')’siv('  (Luff  Priiicipl'')  infrared  optical  bonchc'S  for  nunisurinp' 
the  various  contaminants,  and  a  paraniagiudic  analyzer  for  measuring 
oxypa'ii  conct'iifration.  The  contaminanfs  dc'fer mined  by  flu'  MCA  \v('re 
total  hydrocarbons  (TflC),  carbon  dioxide,  carbon  monoxide',  acetylene, 
butaiu'  plus  hydroc.i rbons,  and  \val('r.  Di'tails  of  the  analytical  techniques 
are  (k'seribe'd  in  the  Section  "Diseuission  of  Sampling  and  Analyses". 

The  sampling  apparatus  and  samj)linp'  technique  use'd  in  this  study  ua'ic' 
descrilu'd  in  a  i)r('vious  r('port.  The  sam|)lin|^  apparatus  usc'd  is  capabk' 
of  lakinp  true'  liepiid  samples  proviek'd  tlu'  sampling'  period  is  no  lonqer 
than  b'li  minutes.  In  orck'r  to  cool  the  sampling  line's  and  sample'i' 
epiie'kly  e'liouqh  to  stay  witliin  the'  time'  limit,  it  was  ne'e’essarv  tei  pre'ssuri/.e' 
the'  I  OX  storage'  tanks  to  20  psip'  with  qase'ous  nifroqe'n. 

This  re'qeii remient  neet  enily  intre)duce'd  additional  nitre)pe'n  to  the  bulk  of 
fhe  LOX  as  a  e'e)nlaminant,  but  alse)  e'e)midicale'd  the  taking'  of  a  sample 
siiu'e  the'  vi'nt  valve'  and  pressurizatie)n  e’enitrols  we're'  loe'ated  in  the' 
ble)ck-house'  of  the  pad. 

The'  sam|)le'S  at  the'  paeis  we're  taken  from  the'  LOX  sampling'  line'  normally 
use'd  to  take'  routine'  samples.  Until  the  i)re'sent  propram,  j’outine^  samplinp 
had  consiste'd  of  elraininp  liquid  e)xype'n  fre)m  the'  storape'  tank  via  the' 
sam|)linp  line  into  an  ope'ii-mejuthed  stainh'ss  sle'e'l  vaeaium  bottle'  (4)„ 

In  oi'ek'r  to  distinpuish  be'lwe'e'ii  sample's  take'ii  with  o|)e'n  flasks  and  those' 
take’ll  with  the'  e'hise'ei  sample'r,  the'  fe)rme'r  are'  e'alh'd  lieiuiel  sample's  anel 
the  latte’!'  are'  e'alle'd  e'rye)penie'  sanqdes.  Duplie'ate  e'ryopemie'  sampkis 
were'  take'ii  by  splittinp  the  sample  slre'am  thi'eeuph  a  tee'  e'onne'ediem  and 
fillinp  twee  ide'iilie'al  sample'rs  simultaneeeusly ,  Afte'i'  a  e’l'yeipenie'  sample' 
was  take’ll  anel  the’  sample'!’  valve’s  we'!'e’  I’lose'ei,  the'  ti'apped  sample’  was 
allowe’el  to  warm  anel  vapo!'ize’„  At  ambie'iit  te'mpe'!’atu!'e',  the’  p!'e'ssui'e’ 
insiek’  the’  sample’r  pi’iie’i’ally  e'e’.ie'lu’d  abeait  1000  psip. 

Ne)  feirmal  samplieip  se'lii'elieh'  was  feil knve’el,  but  sample's  weo'e'  take’ii 
ik’pi'iulinp  on  the’  ae'tivitii’S  at  the’  paeis  and  the’  availability  ejf  support 
pe’rsomu'l.  Lffeii  ts  wi’ii’  maek’  lei  eebtain  sam[)le's  bedore’  anel  afte-r 
partie'ulae'  ae't  i  \’it  ii'S  sui'h  as  missile'  lankin!',  te’sts,  lauiie’he’S,  anel  steiraf’.e’ 
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tank  l()|)))iiij;s„  It  pjatvcd  impossibln,  with  the  c'quipnu'iit  availal)le,  to 
olMain  succc'sst'ul  sai'ni)l('s  from  tiio  traiU'rs  used  to  caiTy  LOX  from  the 
l^rodnction  facility  to  tlic  complexes. 

History  of  Activities  on  Complexes 

In  oi'd('r  to  int('rpr('t  tin*  data  obtained  durinj;’  the  course  of  tiu'  study 
pc'i'iod,  it  is  lu'cc'ssary  to  consider  each  pad  separately.  The  following' 
descriptions  ai't'  ini('nd('d  to  [)ruvide  a  geiu'ral  background  for  each  pad 
without  going  itito  much  detail  on  individual  samples. 

Pad  1 1  -  Convair 

At  th('  start  of  the  test  program,  this  conq^lex  had  been  inactive'  for 
a  number  of  months  due  to  modifications.  During  this  inactive  pe'i’iod, 
th('  LOX  storage'  tank  had  be;en  cleaned  and  inspected,  remaining  in 
e'lcan  c.e)ndition  until  February  2,  1961  when  the  tank  was  filleel  with 
liquid  oxygen.  From  tliat  date  until  the'  e’e)nqdetion  e)f  the  sampling 
program  (March  28),  ae-tivitie'S  concei’ning  the  LOX  storage  tank 
e'onsisted  e)f  one  missile  tanking  test  and  ten  topping  loads  of  LOX 
adde'd  to  the  ste)i’a.ge'  tank.,  From  February  16  through  March  28, 
e'ight  sam])los  were'  take'ii  from  the  tank  anei  subseque'iitly  analyzexl. 

Of  these  eight  samples,  enie  was  taken  e)ne  hou}'  after  e'ompletie)n  of 
the  tanking  te'st,  one'  was  taken  less  than  e)ne  he)ur  afte'r  lopping,  and 
one'  was  taken  abe)ut  14  he)urs  after  te)pping„  In  the  cases  of  the  otlu'r 
five'  saiuples,  there  weo’e  no  |)a.rticular  activities  at  the  sloi-age'  lank 
fe)r  at  least  16  he)urs  l)e'fe)re  taking  samples. 

Pad  12  -  Ce)nvair 

After  a  period  of  e'e)nsielerable'  aedivity,  a  missile  was  launedieel  e)n 
January  23  and  the'  e‘e)mple'X  was  shut  down  for  niodifications.,  The 
liquid  oxyge'ii  whiedi  re'mained  in  the'  sle)rage  tank  after  the'  launch 
(approximate'ly  11,000  gallons)  was  allowed  te)  be)il  away  by  normal 
lu'at  U'ak  during  the  re'mainder  e)f  the'  te'st  i)eriod,  re'aching  a  residual 
le'vel  of  approximately  1400  gallons  em  Maredi  29.  Five  samj^les  we're 
take'll  at  the'  LOX  storage  tank  during  this  inaeitive  two-month  I'le'rioel. 
During  the  aedive  period,  one  sanqile  was  taken  on  a  normal  eiay  anel 
one'  sanqile  was  taken  se've'ii  heiurs  befoi'c  the  launch.  The'  steirage'  tank 
was  teipiK'el  three’  time's  dui'ing  the  aedive  period. 
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Pad  13  -  Convair 

This  complex  was  the  most  active  of  the  six  pads  studied:  four 
missiles  were  lauuclied  during  the  course  of  tlie  study  periods 
This  activity  is  reflected  by  (he  16  LOX  tank  loadings  which  occurred 
during  the  test  period.  Altogether,  ten  samples  were  taken  from  (he 
LOX  storage  tank  and  analyzed.  Of  these  samples,  two  were  taken 
about  five  hours  after  a  tank  topping  and  one  was  taken  about  one 
hour  after  topping.  No  storage  tank  activities  took  place  at  least 
24  hours  before  taking  any  of  the  other  seven  samples. 

Pad  14  -  Convair 


Only  one  missile  was  launched  from  this  complex  during  the  three- 
month  period.  Other  activities  at  the  LOX  storage  tank  during  this 
period  included  one  missile  tanking  test  and  seven  loads  of  LOX 
delivered  to  the  storage  tank.  Also,  the  contents  of  the  LOX  storage 
tank  were  discarded  once,  since  the  LOX  did  not  meet  specifications. 

A  24-11001'  purge  with  nitrogen  gas  followed  the  dumping  of  the  LOX„ 
Ten  samples  were  taken  during  the  study  period  and  analyzed.  Of 
the  ten  samples,  two  were  taken  about  one  hour  after  topping  the 
storage  tank.  The  other  eight  were  taken  at  times  of  no  particular 
activity. 

Pad  19  -  Martin 

This  complex  was  almost  as  active  as  Pad  13;  three  missiles  were 
launched  and  one  static  firing  test  was  conducted.  The  LOX  tank  was 
loaded  on  12  occasions  and  nine  samples  were  taken  during  the  course 
of  the  study  period.  Of  the  nine  samples,  one  was  taken  about  one  hour 
after  topping,  one  was  taken  about  three  hours  after  topping,  and  one 
was  taken  18  hours  after  a  launch.  There  was  no  particular  activity 
at  least  24  hours  before  taking  any  of  the  ten  other  samples. 

Pad  20  -  Martin 


Although  more  active  than  Pad  14,  this  complex  was  not  as  active  as 
Pad  19,  launching  two  missiles  during  the  three-month  period.  Eight 
loads  of  LOX  were  added  to  the  storage  tank  and  eight  samples  were 
taken.  No  particular  activities  were  associated  with  any  of  the  eight 
samples. 
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LOX  Plant 

With  the  exception  of  some  problems  associated  with  mal-functionin|i; 
of  the  CO2  filters  and  adsorbers  in  these  plants,  both  ])lants  operated 
at  normal  production  rales  as  controlled  by  the  available  plant  site 
storage  capacity. 

Discussion  of  Results 

The  chronology  of  tank  loadings,  samples,  and  special  activities  during 
the  three-month  study  period  is  presented  in  Table  Vni.  In  this  table, 
the  left-hand  column  under  each  pad  number  presents  the  the  individual 
sample  numbers™  The  center  column  indicates  special  activities  which 
are  represented  by  letters;  "L”  standing  for  launches,  'T”  for  tanking 
tests,  "D"  for  dumping  LOX,  and  ''S”  for  static  firing™  The  right-hand 
column  presents  LOX  tank  loadings  in  thousands  of  gallons.  Under  tlie 
designation  LOX  Plant,  the  left-hand  column  refers  to  the  sanijjle  numb('rs 
and  the  number  in  parentheses  indicates  the  LOX  plant  which  was  sampled. 

Three  of  the  68  samples  were  completely  unsuccessful.  The  complete' 
analytical  data  of  the  65  analyzed  samples  we'rc'  rei)orted  previously. 

For  du'  sake  of  clarify,  the  accumulale'd  data,  have  bcon  iniei’pri'b'd 
and  condensed  into  Tal)le  IX.  In  this  lahh',  the  CO2  data  were  obtaiiu'd 
from  th('  multi-contaminant  analyzer. 


Table  X  gives  the  analytical  results  of  the  samples  which  we're'  taken 
she)rtly  after  some  aedivily  involving  the  sampled  ste)rage  tank  had 
taken  [dace. 

Table  XI  presents  the  reseilts  of  all  of  the  du])licate  samples  whie'h  we're 
take'll.  Sample'  59  in  Table  XI  is  the  single  sample  which  was  analyzed 
by  beith  Air  Pi'oducts  anel  Patrick  AFB  Laboraleiries. 

Carbon  Dioxide' 

As  e'an  lie  se'e'ii  in  Table  IX  eif  the  results,  in  prae:tie:ally  e've'ry  sample,' 
the  CO2  was  founei  tei  be'  in  eiuantilies  well  above'  its  solubility  limit 
of  4.  2  ppm  in  liepiiel  oxyge'ii.  This  inelicate'S  that  soliel  CO2  was  sus- 
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TABLE  IX 

SUMMARY  OF  ANALYTICAL  RESULTS 

Location  LOX 


(Pad  or 
Plant) 

Date 

Sampled 

Sample 

CO2 

(ppm) 

THC 

(ppm) 

CH4 

(ppm) 

C2H2 

(ppm 

C4+ 

)  (ppml 

Purity 
(Mol  %) 

Volume 

(gallons) 

11 

2/16 

1 

17 

.14 

15 

- 

- 

99.75 

F  ♦ 

11 

2/23 

2 

39 

17 

17 

- 

- 

99.78 

F 

11 

3/6 

3 

25 

20 

22 

- 

- 

99.  55 

26, 500 

11 

3/13 

4 

11 

16 

15 

trace 

- 

99.45 

F 

ii 

3/15 

5 

10 

16 

16 

- 

- 

99.  53 

F 

11 

3/16 

6 

15 

22 

19 

- 

- 

99.  45 

F 

11 

3/20 

7 

10 

17 

16 

- 

- 

99.35 

F 

11 

3/28 

8 

12 

20 

20 

- 

- 

99.45 

F 

12 

1/10 

1 

14 

13 

18 

- 

99.70 

- 

12 

1/23 

2 

13 

20 

17 

99.40 

F 

12 

2/2 

3 

8 

13 

15 

- 

98.95 

8,  500 

12 

2/16 

4 

14 

18 

21 

- 

99.45 

4,600 

12 

3/8 

5 

11 

24 

27 

- 

99.73 

2,  200 

12 

3/16 

6 

7 

31 

31 

- 

99.73 

2,  100 

12 

3/29 

7 

10 

43 

45 

- 

99.60 

1,400 

*  (E  (i('n()los  Full  Tank) 
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TABLE  IX  (Coiit'd) 


Local  ion 
(Pad  or 
Plant) 

Dale 

Sampled 

Sample 

CO2 

(pimi) 

THC 

(ppm) 

CH4 

(ppm) 

C2H2 

(ppm) 

C4+ 

(ppm) 

Purity 
(Mol  %) 

LOX 

Volume 

(f^allons) 

1.3 

1/16 

1 

13 

16 

17 

- 

- 

99,  30 

F 

13 

1/23 

2 

14 

19 

18 

- 

- 

99.  30 

F 

13 

1/26 

3 

15 

19 

16 

- 

- 

99. 40 

Low 

13 

2/9 

4 

9 

16 

14 

- 

- 

99.  40 

22,700 

13 

2/14 

5 

11 

16 

15 

- 

- 

99.  40 

22,300 

13 

2/20 

6 

43 

16 

16 

- 

- 

99.  50 

22,000 

13 

2/27 

7 

15 

15 

16 

- 

- 

98.40 

5,  000 

13 

3/8 

8 

17 

14 

16 

trace 

- 

99.  50 

F 

13 

3/15 

9 

25 

21 

23 

- 

- 

99.  77 

F 

13 

3/20 

10 

13 

14 

15 

- 

- 

99.  75 

F 

14 

1/17 

1 

24 

54 

30 

_ 

_ 

99.  40 

_ 

14 

1/25 

2 

35 

32 

25 

- 

- 

99.60 

F 

14 

2/1 

3 

14 

19 

21 

- 

- 

99.60 

F 

14 

2/'9 

4 

22 

22 

20 

- 

- 

99.60 

21,800 

14 

2/17 

5 

15 

16 

15 

- 

- 

99.70 

14 

2,  28 

6 

14 

17 

17 

- 

- 

99.  50 

5,  000 

14 

3/7 

7 

20 

16 

16 

1  rac(' 

- 

99.70 

23,000 

14 

3.  13 

8 

14 

16 

16 

1  rac(' 

- 

99.60 

2 1 ,  500 

14 

3,17 

9 

20 

20 

20 

I  rac( 

-■ 

99.  60 

20, 500 

14 

3  24 

10 

11 

17 

15 

99.  70 

F 

ofu/ 


TA13LE  IX  (Cont'd) 


L()(  ;i(  ion 
(Pad  or 
Plani) 

Dato 

Sampled 

Sample 

CO2 

(ppm) 

TIIC 

(ppm) 

CII4 

(ppm) 

C4t 

(ppm)  (ppm) 

Pii  rity 
(Mol  %) 

LOX 
Volu  me 
(^^allons) 

19 

1/lB 

1 

18 

24 

20 

- 

- 

99.  50 

F 

19 

1/29 

2 

16 

19 

13 

- 

- 

99.  40 

F 

19 

2/3 

3 

11 

13 

19 

- 

- 

99.  90 

27. 200 

19 

2/13 

4 

11 

18 

19 

- 

- 

98.60 

5,  900 

19 

2/16 

5 

25 

10 

13 

- 

- 

98.60 

27,800 

19 

•  '2/21 

6 

37 

19 

16 

- 

- 

98.90 

10,300 

19 

3/14 

7 

12 

18 

16 

0.  25 

- 

99.  40 

27,200 

19 

3/21 

8 

10 

19 

17 

0.  13 

- 

99.  90 

F 

19 

3/28 

9 

12 

IB 

17 

0.  16 

- 

99.  50 

F’ 

20 

1/19 

1 

20 

14 

18 

- 

- 

99.70 

-  . 

20 

1/27 

2 

17 

19 

17 

- 

- 

99.  40 

-- 

20 

2/2 

3 

11 

13 

13 

- 

99.  90 

20 

2/13 

4 

12 

22 

18 

- 

- 

98.60 

<4.000 

20 

2/'20 

9 

16 

20 

20 

- 

- 

98.80 

<4, 000 

20 

2/28 

6 

23 

19 

16 

- 

- 

98. 00 

25,  000 

20 

3/14 

7 

16 

17 

17 

- 

- 

98.6 

7,600 

20 

3/29 

8 

17 

16 

17 

_ 

99.  90 

29, 000 

JABLE_IX  (Q)Ii_( 'd) 


Locution 
(Pad  or 

Date 

CO2  TIlC 

CH4 

C2H2 

C4 ) 

Purity 

LOX 

Volume 

Plant) 

Sampled 

Sample 

._(PP 

(PP”'*)... 

(Mol  %) 

(pallotiB) 

tlGO 

1/6 

1 

3  10 

11 

- 

- 

99.80 

-- 

11  GO 

1/19 

2 

61  7 

12 

- 

- 

99.70 

-- 

IIGO 

1/27 

3 

63  7 

15 

- 

- 

99.70 

--  , 

1161 

2/3 

4 

no  3 

11 

- 

- 

99.60 

-- 

1161 

2/14 

5 

74  80 

22 

- 

- 

99.70 

-- 

1161 

2/17 

6 

52  16 

12 

- 

- 

99.70 

-- 

1160 

2/23 

7 

36  15 

14 

- 

- 

99.90 

-- 

1161 

2/27 

8 

>100  15 

15 

- 

- 

99.70 

-- 

1161 

3/9 

9 

25  12 

13 

- 

- 

99.60 

-- 

1161 

3/9 

10 

24  12 

13 

- 

- 

99.60 

__ 

1160 

3/15 

11 

47  13 

16 

- 

- 

99.70 

-- 

1160 

3/20 

12 

50  13 

14 

- 

- 

99.  50 

1161 

3/29 

13 

10  12 

12 

- 

- 

99.60 

_ 
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p('iKi('(l  in  tiu'  LOX  and  was  (akc’ii  as  [jarl  of  (lu'  liciuid  sani|)U'.  'I'Ik' 
CO2  concnnlfalions  loiind  in  (lu*  sam|)U'S  fi'iini  Ihc’  coniplcxi'S  wc'i'c' 
in  tIu'  i'anp('  from  10  to  40  ppni  with  llu’  a\(’rap('  arniind  20  i)pni.  In 
coni  met ,  tlu'  C02  loiind  in  (lie  sanipU's  I'roni  (lie  LOX  pi’oduction  unil 
avt'raped  hipiuM'  than  50  ppm.  with  a  lew  sample's  oid  of  llu'  ranpe  of 
l!i('  analytical  insl runu'iils. 

The  hipii  OO2  ohlaiiu'd  from  llu'  LOX  jiroduclion  unit  can  be  Irace'd 
lo  some'  ('.xb'iit  to  damaped  filte'rs  in  both  LOX  plants.  TIk'si'  fillers 
wi'i'c  in  the  process  of  l>einp  re'pairi'd  durinp  this  pi-opram  and  tIu' 
succf'ss  of  the  rf'pair  ('fforl  can  be  se'en  in  llu’  last  two  samples  from 
th(’  1161  LOX  plant,  with  CO2  contents  of  9.5  ppm  and  24  ppm. 


Althouph  tIu'  samplinp  of  suspe'iuk'd  solids  is  fai'  from  ('.\acl,  llu' 
rc'lativc'  unifoi'inily  of  tIu'  C02  analytical  re'sulls  indicate'  lhal  the' 
snspe'iide'd  solid  CO2  must  have  be’e'ii  distribiile'fl  quite'  uniformly  in 
the'  bulk  of  the'  ei.xype'n  licjuid.  Heiwe've'r.  it  must  also  be'  pointe'd  out 
lhal  the'  CO2  re'sutts  piveai  in  Table'  IX  should  not  be'  laki'ii  as  a  true' 
me'aseire'  of  the'  CO2  inve'iitoi’y.  since'  e'onside'iable'  solid  (’02  probal)ly 
.se'llle'd  in  the'  tanks.  'Lhis  peiint  is  illusti'ati'd  by  Fipure'  21  whe'i'e'  the' 
('O2  coiu'e’iil  rat  iem  and  the'  re'Sidual  liciuid  o.xype'ii  volume'  at  Pad  12 
ai('  plolte'd  as  fune'tions  of  lime'.  The'  LOX  in  this  storape'  lank  was 
allowe'd  to  boil  away  uneiislurbe'd  for  a  pe'i'iod  of  65  days.  Althouph 
il.e'i'c  was  no  e'hane'e'  for  any  sipnificant  amount  of  the  oripinal  C’02 
to  le-ave'  the  sysle'm  the-  appare'iit  CO2  cone'i'nl  rat  ion  liardly  chanpe'd 
while  the  veilume'  of  lie|uiel  oxype'ii  ele'e' I’e'a  sc'd  by  a  factor  of  I'ipiil.  4’his 
indicates  that  the'  e'xe’e'ss  solid  C'02  se'ttle’d  lo  the'  bottom  of  the  lank. 

ilydroe .)  rbons 

'rile'  |■('sults  from  the’  hydrocarbon  analyse's,  '.vhie'h  include'd  total 
hydroe'.i  I'bons  ('I'llC),  nu'thane',  ae'i'tyle'iie',  and  butane?  and  he'avic'r 
hyd I'oca  rbons  ((,’41).  pre'se'iit  a  pie'ture'  of  I'e'lat  ive'ly  unifoi'm  and 
almost  i  nsipnifie'a  nt  hyelroe'a  ibon  e-onta  minal  ion ,  both  at  the'  LOX 
plants  and  at  the  ae'tiv'  pads  With  the  e'xce'ption  of  ae'ctylene',  the' 
only  otlu'r  hyel I'oca  rbon  eie'te'e'te'd  was  nu'thane,  Itu'  least  hazardous 
of  the'  hyd  I'oca  rbons.  I’lu're  was  only  a  small  (appi'oximalely  25",',) 


FIGURE  21  CO2  CONCENTRATION  PAD  12 
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increase  of  the  nK'tIuuie  coneentnilion  from  tlie  procliu'lion  plant  to 
tlio  final  use  of  the  LOX  in  a  missile.  The  average  concentration 
of  methane  was  13.  5  ppm  from  the  [)lant  and  17,.  1  ppm  from  the  active 
pads. 

However,  this  was  not  the  case  for  the  inactive  storage  tank  at  Ikid  12, 
as  shown  in  Figure  22,  In  this  figui’c,  the  hydrocarbon  concanitration 
and  the  residual  liquid  oxygen  volume  are  plotted  as  a  function  of  time. 
Tlu'  last  five  samples  weix'  taken  while  the  LOX  was  lioiling  off  un- 
distui'bed.  During  this  pc'iaod,  tlu'  volume  of  LOX  dt'crc’ased  by  a 
fact(o-  of  eight,  while  the  concentration  of  hydrocarbon  (nudhane) 
increased  only  by  a  factor  of  thre('.  Although  a  simple  extrapolation 
of  ttu'  hydrocarbon  curve  would  lead  oiu^  to  expect  that  the  methnne 
concentration  would  not  reach  dangc'rous  levels  by  the  time  all  of  tlie 
LOX  was  evapoi’ated,  the  upward  biaxik  toward  the  (Mid  of  the  curve 
shows  that  the  methane  rate  of  concentration  may  increase  rapidly 
toward  the  (Mid  of  the  evaporation  p('riod„  This  would  mean  that  tlu' 
last  f('w  gallons  of  LOX  to  boil  away  could  contain  danj;('rous  coiummi- 
trations  of  methane. 

With,  the  exc(’ption  of  acetylene,  no  evichnice  was  found  of  any  hydro¬ 
carbons  heavicM'  than  iiK'thane  in  tlu'  samples..  It  is  not  likidy  that  any 
of  tlu'  heavier  hydrocarbons  siu'h  as  lubricants  would  b('  d(dect('d  in 
th('  sampU's  (weii  if  they  wore  i)resent  in  th('  LOX  siiici'  tiu'  solubilities 
of  these  hydrocarbons  in  liquid  oxygen  ari'  so  slight  as  to  !)('  muii'- 
tectabh'  by  th('  analytical  techni(iu('S  us('d„  TIumm'  is  no  simph'  I ('chni(iu(' 
curriMitly  available  for  monitoring  insoluble  hydrocai’bons  in  liciuid 
oxyg(Mi. 

Purity 

Tlu're  was  no  conclusiv('  patt('rn  to  llu'  la'snlts  obtaini'd  from  the  purity 
analyses  of  the  sampU'S  as  shown  in  Table  Xll„  All  samples  from  Hk' 

LOX  production  unit  provi  d  bett('r  than  spimifications  (99.3'",).  In 
comparison,  half  of  lh<-  ;..impl(\s  from  the  comiilexc'S  W(M’('  below  spi'ci- 
ficalions  foi'  purity.  It  is  nxisonable  to  assume  that  tlii'  impurity  was 
lirincipa  1  ly  nitrogen  and  that  it  rcsulti'd  fi'om  the  techni(iue  of  pressuri/,ing 
th('  LOX  tanks  with,  niti’ogmi  gas.  It  is  int('r('sting  to  iioti'  that  Pad  14 
was  coiisist(Mit ly  above  specifications,  whip'  Pad  20  was  consistiMit ly 
below  spi'cificalions. 
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Figure  23  shows  iiio  pailoni  of  oxygc'ii  purity  in  (he  tank  at  Pad  12 
as  the  LOX  slowly  boiled  away.  II  is  probable  that  the  residual 
oxygen  purity  in  th('  tank  shortly  after  launeh  was  bt'low  specifi¬ 
cations  due  to  nitrogen  pressurization;  this  was  followed  by  pre¬ 
ferential  nitrogf'ii  evaporation  during  the  long  boil-off  pc'riod. 

FJffoct  of  Activities  -  Storage  Tanks 

Relatively  f('w  samples  were  obtained  following  activities  which 
involved  the  storage  tanks„  Examination  of  the  ix'sults  (TabU'  X) 
shows  little  differeiuu'  between  these  samples  and  the  normal  run 
of  sa.m])les.  Howev{'r,  a  slight  statistical  trend  shows  that  the 
LOX  in  a  storage'  tank  will  be  at  its  highest  purity  shortly  aftei- 
topping  the  tank„ 

Comparison  of  Analytical  Results 

Table  XI  presents  direct  comparisons  between  tlu'  re'suils  obtaiiu'd 
at  Air  Products  and  the  results  obtained  with  duplicate  s.vmpU’S  at 
Patrick  AFD  Laboratory.  The  last  sample  (API  No,  59)  is  the  single' 
sample  which  was  analyzed  by  be)th  labe)ratories,.  In  general,  the 
re'sults  between  the  two  Iabe)rate)i-ies  disagree;d  e’e)nside'rat)ly  in  the' 
analyses  e)f  CO2  and  methane.  He)weve'r,  theix'  was  fairly  good 
.igre'e'ment  betwe'em  the?  j)urity  analyses  of  the  twe)  lal)e)rate)rie's„ 
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TADL E  X 

SAMPLES  ASSOCIATED  WITH  STORAGE  TANK  ACTIVITIES 


A^iialy_sjs 


1  .oral  ion 

('’i'i') 

Date 

Sampled 

Activity 

Sample 

Time* 

CO2 

(ppm) 

Methane  Purity 
(ppm)  (Mol  %) 

n 

3/6 

Tanking;  Test 

1 

25 

22 

99.  55 

n 

3/13 

Topping 

1 

11 

15 

99.  45 

11 

3/15 

Topping 

14 

9.  5 

16 

99.  53 

13 

1/16 

Topping 

5 

13 

17 

99.30 

13 

3/15 

Topping 

1 

25 

23 

99.  77 

13 

3/20 

Topping 

5 

13 

15 

99.75 

14 

2/1 

Topping 

1 

14 

21 

99.  55 

14 

2/17 

Topping 

2 

14.  5 

15 

99.65 

19 

1/10 

Topping 

1 

17.  5 

20 

99.  45 

19 

1/25 

Topping 

3 

15.  5 

13 

99.  40 

+  Hours  afic’r  aotivily. 


HI 
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table  XI 


COMPAIUSON  OF  DUPLICATE  SAMPLES 
API*  and  PAFB*  + 


Location 

(Pad) 

Date 

Sampled 

Sample  No. 

API  PAA+  +  * 

C02_(l)jmi) 
API  PAFB 

Methane  (ppm) 

API  PAFB 

Purity  (Mol  %) 

API  PAFB 

14 

2/1 

16 

294 

14 

16 

21 

21 

99.  55 

99.  60 

20 

2/2 

17 

307 

10.  5 

11 

13 

9 

99.  5 

99.  55 

14 

2/9 

21 

365 

22 

1.5 

20 

7 

99.  55 

99.  3 

14 

2/17 

30 

496 

15 

4 

15 

4 

99.65 

99.  65 

13 

3/8 

43 

650 

17 

6 

15.  5 

4.5 

99.  5 

99.  4 

11 

3/13 

48 

691 

11 

0 

15 

4 

99.45 

99.  0 

11 

3/15 

51 

726 

9.  5 

5 

16 

7 

99.  53 

99.  4 

13 

3/15 

53 

734 

25 

12 

22.  5 

0 

99.  77 

99.  7 

11 

3/20 

57 

775 

10 

4 

16 

4 

99.35 

99.  4 

13 

3/20 

58 

778 

13 

11 

14.  5 

4 

99.  75 

99.  75 

11 

3/16 

59 

743 

15 

5 

19 

3 

99.  45 

99.  5 

*  Air  Products,  Incorporated 
**  Patrick  Aii’  Force'  Base 
“  ■  Pan  Anu'rica/i  Airways 
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IIL  SUMMARY 


SIGNIFICANCE  OF  CONTAMINANTS 

The  Ihroo  sigiiilicaiR  typos  of  ('(ailaminants  in  liquici  oxypcni  aro; 

(1)  conil)ustil)l('s,  (2)  iiu'rt  solids,  and  (3)  dissolved  inerts.  Tlie 
eoml)ustibIes  may  range  fi'om  eonipletely  soluble  to  completely  in¬ 
soluble.  The  chief  objection  to  combustibles  is  tlie  fire  and  ('xpU)sion 
hazard  should  combustibles  concentrate  in  the  oxygen  handling  system 
and  should  an  ignition  source  (initiator)  be  pn'sent.  Dissohn'd  com¬ 
bustibles  whoso  lower  flammability  limit  is  greater  than  its  solubility 
in  liquid  oxygam  are  not  ('Specially  hazardous  if  the  concentration  of  the 
contaminant  is  less  than,  the  solubility  concentration.  All  combustibles 
are  especially  hazardous  if  present  in  coiicentrat ions  greater  than  the 
solubility  limit  because  the  lower  flammability  concept  does  not  apply 
to  discrc'tc  liquid  oxygen  -  solid  combustible  phases.  AcetyU'iie  is  the 
most  hazardous  combustible  contaminant  because:  (1)  it  has  very 
low  solubility,  (2)  it  may  be  pres('nt  in  concentrations  greatei’  than 
the  solubility  limit,  and  (3)  it  can  be  readily  triggered  into  ignition,, 

Inert  solids  are  hazards  Ix'cause  they  (1)  may  interfere  with  tin' 
operation  of  mechanical  ('quipment,  (2)  may  cause'  erosion  and  plugging 
of  fluid  passages,  a.nd  (3)  may  accumulate  high  voltage  charge's  of  static 
electricity. 

Dissolved  inerts  ar('  {uincipally  nitrog('n  and  argon  whose  pi'esi'iuu' 
dilutes  the  oxygen  and  adds  unusuable  weight  to  the  propf'llant  sysl('m. 

SOURCES  OF  CONTAMINATION 

Tlu'  primary  source'  of  contamination  is  the'  air  stream  to  the'  sepai’ation 
plant  which  pi'oduce'S  the  lieiuid  oxyge'ii.  Within  the'  plant,  e  onia mination 
may  be'  adde'fl  by  the'  e-ompressors.  filtei's  anel  e)the'r  e'eiuipme'nt ,  and  semie 
e'ontaminants  an'  re'move'd.  The  pi'odue’e'd  oxyge'ii  conbiins  nitrtqq'ii,  argon, 
anel  small  eimoemls  of  etcelyh'ne',  carbon  dioxide',  wate'r,  emd  light  hydre)- 
c;i  I’bons. 

'I’lie'  li'ansfei'  of  liepiid  oxyge'H  from  the'  plant  to  launch  pad  stoi-ajie  pi'esenls 
an  oiiportunily  foi'  dirt,  hydrocarbons,  and  almosplu'ric  conlaminants  to 
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Ix'  c'iiiTi(!cl  into  the  system. 

Th('  |■)r('ssu^izati()^  of  t!u'  slorc'd  liquid  with  nitroj^on  ^as  results  in  the 
accumulation  of  nitrogen  in  (he  liquid  oxyf;en,  as  well  as  the  introduction 
of  contaminants  whichi  may  l)e  present  in  the  nitroppm. 

Other  sources  of  contamination  are  the  solvauits  and  solids  remaining- 
from  fabrication  or  cleaning  operations,  and  (he  m;'it('rial  contributed 
through  det('rioration  of  meclianicai  equii)iiu'n( . 

DEGREF-]  OF  CONTAMINATION 

Throughout  the  "life”  of  tlu'  liquid  (ixygen,  contaminants  may  increase' 
or  decrc'ase  in  concentration  due  to  evaporation  of  a  portion  of  tlu-  oxygen 
and  due  to  inadequate  mixing  or  "pocketing"  of  solids,,  The  history  of 
the  oxygen  is  tlu'ix'fore  important  and  should  be  reflected  in  liquid  siH'cifi  - 
cations  and  equipmetit  de'sign. 

CURRENT  SPECIFICATIONS  FOR  LIQUID  OXYGEN  AND  EQUIPMENT 

Th('  currc'iit  liciuid  oxygc'ii  spe'cifications  refh'ct  confusion  in  the  units 
us('d  to  express  concc'nti’ation,,  The  total  hydi-ocarbons.  exi)r('ssed  as 
ppm  l)y  weight  as  carbon  in  tiu'  use  spt'cification,  is  in  hazardous 
([uantitic's  at  (his  concentration  wlien  expressc'd  in  ppm  by  mol('  as 
ca  rl)on., 

A  '-oiiiparison  of  ttu'  equipnx'nt  ch'anliiK'SS  s|H’cifica,t ion  witli  (he  inte'rim 
procu i’('m('nt  specification  shows  that  the'  licpiid  oxygc'n  must  contain  h'ss 
solids  than  tIu'  pi'opellant  loading  system. 

Froiii  (his  summary  of  tlu'  work  to  date'  nn  this  study  of  lieiuid  oxyge'ii  con¬ 
tamination  it  is  ai)pai’('nt  (hat  c()nsideration  should  b('  given  to  re'vising 
sc'giiu'iits  of  tlu'  spe'cificalions,  and  to  continiu'  studying  other  seginents 
of  tIu'  sp('cifications.. 

SOURCES  AND  MEC’liANlSMS  FOR  KiNITlON 

An  an.ilysis  was  made  of  the  available  information  on  eh'ct I'ostat ic  charg-(' 
g'i'iK' r.i ( ion  and  build  up  while  (  ransle  I'ring  li(iuid  oxygt'n  Ihii'o  lieiuid 
oxygon  diu’S  not  gcnei-atc'  a  charge.  Ch.irge'  build  up  is  greatly  enhanea'd 
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by  conUimiiuilioii  l)y  solid  ixii'ticlos  and  S(dublo  polar  niatcM’ials,  pai'ti- 
CLilarly  water.  The  cluuTO  generation  rate  increases  with  velocity 
and  with  decrease  in  line  diameter. 

The  electricity  conductivity  of  LOX  has  a  marked  effect  on  charge’  build 
up.  Below  nilu),  cm  no  charge  will  be  built  up.  Above 

mho/cm  leakage  to  the  ground  will  i)revent  charge  build  up.  Monitoring 
the  electrical  conductivity  of  LOX  and  delib., rate  addition  of  non-haza rdous 
impurity  to  increase  the'  conductivity  al)ov(’  mho/'em  may  be'  two 

new  safety  measures  for  such  systems. 

In  general,  grounding  tanks  and  lines,  maintaining  a  very  low  h’vel  of 
impurities  and  solids  in  LOX,  and  using  low  velocities  and  lai’ge'  dia- 
mete'rs  of  flow  lines  are  recommen.ded, 

CARBON  DIOXIJ)^ FILTRATION 

Solid  carbon  dioxide  canne)t  be  satisfactorily  filtc'red.  Under  the  cemditions 
occurring  in  the  transfe’r  of  liquid  oxygen  at  missile  launching  sites.  The 
(’xtreone  turbuh'nce  existing  in  the  warm  lim'S  and  warm  missile  tank 
lox’ludes  the  agglomeration  of  the  CO2  pai'ticles  lu'cu’ssai'y  lo  pi’omotc’ 
filte  ring. 


CompU’le  removal  of  both  solid  and  dissolved  CO2  from  the  liquid  oxyga’ii 
is  indicated,  since  vaporization  of  the  liquid  will  cause'  tlu'  C02  which 
will  not  vaj^orizc'  at  that  temperature  to  pre’cipitate  from  solution,, 

However,  such  a  re'commendation  cannot  be  made'  unlil  an  agre'e'me'iit  is 
I'e’aedu'd  as  to  whettu'r  e)r  neet  se)lid  CO2  in  the  missile’  liquid  oxyge'ii  is  a 
ele’finite'  pi’e)bl(’m„ 

PURITY  ANALYSIS  SURVEY  AT  CAPE  CANAVERAL, 

Lieiuiel  oxygen,  as  produeu'd  in  Uu'  liquid  oxyge’it  faedlity  at  Cape'  Canave’i'al, 
me'ots  Uu’  S[)e'e'ifie'atie)ns  for  purity,  tolal  hydroeairbons,  moisture',  and 
ae'e'tyh’iie  as  requiie'd  by  pre)e’uremf'nt  si)e’e-ifie;a(ion  MIL-P-2r)5nHC 
(7  Nove’inber  1960), 

I’lu'  lieiuid  oxyge-n  (LOX)  sampled  at  the-  vai'ie)us  pad  storage'  tanles  a.I  Cape' 
(kiii.e ve'-ral  me'e'ts  the'  spe’edfie'ations  feir  le)(al  hydi'eie’a rbons,  moisture',  anel 
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acL'tylciu',  but  in  a  luinibor  of  casos  tlie  LOX  did  not  mcu^t  tiu'  specification 
for  purity,  Tlie  low  purities  may  have  been  due  to  t. .  technique  of 
pressurizing  LOX  storage  tanks  with  nitrogen  gas. 

The  total  hydrocarbon  contamination  found  in  the  liquid  oxygen  was  meihaiu'. 

In  all  of  the  samples  taken,  carbon  dioxide  was  found  in  quantities  w(dl 
abov('  its  solubility  in  LOX  which  indicates  that  solid  CO2  was  present  in 
the  LOX,.  No  conclusions  can  be  drawn  at  this  time  as  to  the  effects  of 
solid  CO2  in  liquid  oxygeti. 

On  the  first  samples  tested,  different  analytical!  techniques  wc're  found  to 
give  different  results  for  CO2.  These  differences  were  resolved  by  im  ¬ 
proving  the  methods  used  for  standardizing  and  calibrating  the  infi’ared 
analyzer. 

Some  disagreement  was  found  between  the  results  as  obtained  by  the 
Air  Products  Laboratory  and  those  as  obtained  by  the  Patrick  AFB 
Laboratory  on  equivalent  samples.  The  disagreements  have  not  bc'on 
resolvc'd  at  present  but  may  be  duo  to  the  standardizing  tc'chniquc'  usc'd 
by  the  Patrick  Laboratory  for  their  infrared  sjxH’-trophotomeler. 
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I V.  lUOCOMMENDATIONS 


Bas('ci  on  the  foregoing  discussions,  liquid  oxygen  as  produced  in 
present-day  plants,  both  coninu'rcial  and  gov('rnm('nl .  niec'ls  IIk' 
l^urity  and  conianbnant  limitation  rc'quiia'im'nls  ('stablished  for  its 
purchase  and  use  i?i  tlu'  missile  progiaim,  Continuous  analyses  are 
ix'quired  at  the  i)i-oduction  facilities  and  at  various  stage's  of  liquid- 
oxygf'u  stoi'age  and  transfe'r  to  assure'  that  llu'se  purity  le've'ls  are' 
maintaiiu'd- 

It  is  therefe)re  re'e'omme'nded; 

(1)  Purity  ancilyse's  should  be  porfeerme'd  e'ontinuously  at  the 
generating  plant  een  the  liquid  oxyge'u  from  the  be)tte)m  of  the 
le)w  pre.'ssure  ce)lumn  (rebe)ilor  eer  e'onde'iise'r)  using  a  e’ontinue)us 
monitoring  thermal  condue'.tivity  or  ])a ramagnetic  analyze'!'. 

This  instrument  should  have  ;i  full  seaile'  I'ange'  no  gre'ate'r  than 
h.O  mol  %  oxyge'ii  (9!)%  -  100%  full  scale  i'ange).  It  we)uld  be' 
prefe'rred,  particularly  if  the  analysis  is  pe'rfoi'me'd  by  the'i'mal 
ceinductivity  that  the  full  scale  range  be'  1,.  0  or  2„0  mot  % 

(99  -  100%  and  98  -  100  purity  re'spe'cli vely),,  The'  liepiid  sample 
should  be'  vapeirize'd  te)  a  gas  for  the'se'  analyse's  e'ithe'r  by  the? 
line  tap-e'oil  vaporizatiein  te'chniegu'  or  thi'eiugh  the'  use'  of  a 
se'parator-vaporizer  device'.  Since  wai'm  beeiling  e'onia minani s 
will  also  be  eie'termine'el  on  this  sample',  the'  se'i)aratoi' 
vaporize’!'  de’vie'e  would  be  pr('fe’!'i'('d.  sine'e’  it  e'ould  the'n  supply 
sample’s  fe)!'  all  eif  the'  analysis  I'e'qui re'me'nts.  A  e’he'iuie'al 
eii'sat  appa!'atus  sheiuld  be'  e'Cijeheye'el  at  (he  plant  site’  feir  the’ 
analysis  eif  e'alit)!'ati!!g  and  ”ze’!'o"  gase's  fe)!'  use'  een  the’  e'e)n 
tinueeus  moniteee'ing  pu!’ity  analyze')'  The’  biu’e'tte'  she)ulel  be’ 
calibrate'd  in  0„  09  ml  divisieais  be’twe'e>n  the'  99  anei  100  ml 
marks..  It  she)eilel  be’  calibrated  in  0„  1  ml  elivisie)ns  be’twe’e'u  the’ 

9.9  and  99  ml  marks.. 

(2)  Total  hyel I'oe'.i I'be)!!  anei  e'ae'bon  elieexich'  analyse'S  sheeuld  alsee  be' 
pe'i'feerme'd  e'e)ntineie)eisly  ein  the’  pi'e)due'l  from  the'  plant  as  re’meeve'el 
fi'e)!!!  the  be)tte)m  e)f  the'  le)w  jjre’ssei I'e’  e'oleimn  I'e'bui h'l',  eer  e'on- 
de’iisi'!'.  The'  lieiuiel  sample’  she)ulel  be'  v.ipoi'ize’d  thi'ough  the'  use’ 
of  a  se’pa  I'atoi -\''.ipe)i'ize’i’  te'e'lin  iepie'  whe'!'e'in  it  is  assui'e’fl  that  no 
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c'oncciUration  of  these  warm  boiling  contaminants  can  take 
place  due  to  preliminary  partial  vaporization  or  fractionation. 
These  analyses  should  be  accomplished  with  a  Luft  principle 
(non-disi)ersive)  infrared  analyzer  sensitized  for  carbon 
dioxid('  in  conjunction  with  a  catalyst  furnace  for  the  con¬ 
version  of  the  soluble  hydi’ocarbons  to  carbon  dioxide.  The 
analyzer  should  be  of  sufficient  sensitivity  so  that  the  full 
scale  range  is  at  least  as  low  as  0-50  ppm,  and  have  an 
accuracy  i  2%  of  the  full  scale  range,.  Zero  and  calibration 
gases  necessary  for  non-disi^ersi vc'  infrared  analysis  should 
be  checked  for  accuracy.  Zero  gas  (nil  CO2  content)  can  b(’ 
verified  by  the  analyzx'r.  Span  or  calibration  g;is  can  be 
verified  by  comparing  it  with  a  known  CO2  contnet  gas  such 
as  air, 

(3)  Acetylene  concentration  in  the  product  oxygen,  as  removed  from 
the  boj.toni  of  the  low  pressure  column,  reboiler,  or  condenser, 
siiould  be  det('rmined  once  or  twice  each  eight  hours  of  plant 
operation. 

A  sample  should  be  collected  as  a  liquid  in  a  dewar  observing 
the  precautions  concerning  air  contamination  and  precvjoling  as 
outlined  in  the  comments  on  sampling  method  A.  Analysis  should 
be  by  either  the  long  or  short  Ilosvay  (copiier  ac('tylide)  method. 

In  either  case  tlu'  test  should  be  commcmced  on  the  liquid  sample 
as  quickly  as  possibb'  after  it  has  been  collected  to  prevemt 
excessive  concentration  of  the  acetyh'iu’  due  to  vap(M'ization  of 
the  sample. 

(4)  Wat('r  analyses  arc  not  required  on  tlu'  product  from  a  liciuid 
oxygen  plant.  TIu'  equilibrium  concamt ration  of  water  (ice) 
dissolvi'd  in  liquid  oxygen  is  so  low  I  hat  it  cannot  b('  det(H'ted 
by  either  ek'ctrolytic  hygrometry  oi’  a  miiToix'd  surfaca^  dew 
IKiint  apparatus.  Either  of  these  analytical  techniqiu'S  aia' 
capable  of  detiading  wat('r  vapor  to  a  h'vel  of  1  p|)m  (approximately 
-100"  F  dew  point).  An  apparatus  of  eitluM'  type'  is  requiiaai  for 
the  stored  liquid  contaminant  analysis  described  in  paragraph 

(5)  below,  Oea'asional  samples  from  the'  bottom  of  the  low 
pressure  (a)lumn,  reboiU'r,  or  condense'r  as  obtaiiK'd  with  the' 
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^  sc();iniL()i'-vai)()i'izer  (k’vico  sliould  Ix'  us('cl  (o  "/.('ro"  (lu'  watc'i’ 

^  vapor  aiialyz('r.  Any  nicasiii’abk'  walc'r  ('oiiIcmiI  in  pasoous 

oxypani  which  lias  been  derived  by  vaporiza.lion  of  liciuid  oxypc'ii 
j  indicah's  conlandnalion  during'  handling  operations,  llie  wab'r 

I  having  (Mib'red  the  system  subscHgient  to  the  oxyg('n  gc'iu'ral ion. 

(5)  Analysc's  of  tiu'  stored  liquid  from  (he  plant  storage  facili(i('s 
and  any  otiu'r  subsequent  storage'  arc'as  should  !)('  pe'i’foi'nu'd  in 
a  i)('riodic  maniu'i'  to  detei'miiu'  eontaniinant  coiua'ntration  dm' 
to  vaijoi'i'/.ation,  and  loss  of  purity  dm'  to  contamination  in 
transfc'r  and  handling.  The'  fre'eiuency  of  this  (('siing  should  be 
depc'ndc’iit  on  tlu'  spc'e'ej  of  move'ment  of  liquid  through  (he 
storage'  facilities  and  een  the'  eepportunity  feer  ae-epiii-ing  re'pre'- 
se'iitative'  sam[)les.  As  has  Ix'e'n  mentie)n('d  (hreaigheait  the'  fore'- 
gejing  re'port  in  discussing  sampling,  a  represe'iitat ive  liquid 
sample  can  only  be'  e)i)tained  freem  a  sle)rage  tank  when  tin- 
liquid  within  the'  tank  is  well  mixed  immediately  afte'r  some’ 
exercise  has  bee'ii  pe'rlorme'd  eni  the'  liquid  suedi  as  filling, 
draining.  i)eimping,  e'te'..  The  sample  shejuld  be'  e)btain('d  by  a 
ti'apped  liquid  vape)rizatmn  teedmique  whiedi  eloe’S  not  pe’rmit 
atmospheric  ceaitamination  and  which  pre'vents  the  higher 
boiling  contaminants  in  the  liquid  fre)m  cone’e'nl rating  due  to 
va[)orizatie)n.  With  a  vapor  sanqile  e)btaine'd  in  this  way, 
analyses  for  te)tal  hydreecarbon,  carbeen  dioxide',  wate'r  vai)or, 
and  purity  e'ould  all  be’  pei'fe)rmed  with  the’  same'  e'quii)me'nt  whiedi 
is  used  for  meiniteiring  (lie  generating  plant  prexlued  stre'am., 

The  analysis  feir  pui'ity  weiuld  give'  good  insight  intei  whe'tlu'i’  or 
not  handling  and  transfer  e’eintaminatiein  had  oe'eai I're'd  bedore', 
during,  eir  after  steerage The'  analysis  for  carbon  dioxiele'  and 
wate'r  weiuld  alsei  supply  infeirmat iein  e'one'e'rning  hanelling  e-ein- 
taminatiein  pi'eilile'ins  and  weiuld  give  data  e’one'e’rning  the  ameiunt 
eif  beiil-eiff  (vaporizatiein)  e’eine’e'iit ratiein  of  e’ontaminants  whie'h 
eie'e’urs  as  the’  iireidue’t  is  hanelle'el.  The  total  hyeli’eu'a I’bon  analysis 
would  also  give'  geieiel  insight  intei  the'  beiil-eiff  vapoi'ization  e’ein- 
taminant  cone’cnli'atiein  proble’m  and  woulel  In'  use'fid  in  ele'te’i’ 
mining  hazai'dous  e'einditions  v'hie’h  might  e’Xist  elm'  to  hyelroe'ai’bon 
e’oiu’e'iit  ration,. 

The’  re’maining  analyse’S  re'eiedre'el  on  the’  store'el  liepiiei  woulel  be' 
feir  pa  rtie'ulalc  e'eiunt  anel  ae'edy le-iu’  de'te’rmiiuition  ,  'riu'se'  analyses 


c:7^c'i  afu/  {%efrticaU 


should  also  bo  porl'orniod  periodically  on  Uio  li([uid  in  a  well 
mixed  storage  facilily.  The  most  rci)rodurible  particulate 
matter  data  would  bc'  obtained  by  usin[;'  the  gravimetric  techniqiu' 
wheix'in  the  jiarticles  contained  in  a  certain  volume  of  liquid  are 
w('ighed  after  being  filtered  and  arc  r('port('d  as  a  wc'ight  of 
pai'ticulale  matter  per  standard  volume.  This  lest  could  c'asily 
be  performed  at  the  plant  generating  site  where  tlu'  otlu'r 
■inalytical  equipmcml  is  located.  It  would  require  a  filtering 
device,  a  specialized  analytical  balanca',  ovv''n,  and  ladativcdy 
small  amounts  of  reagamts  and  laboratoi'y  glassware.  The 
acetylene  determination  could  be  performc’d  at  the  samph'  site 
with  the  portable  quick  lest  api)a rains  and  if  any  indication  of 
ac('tylene  is  evident,  a  sample  should  be  returned  as  quickly 
as  possible  to  the  laboi-atory  facility  at  the  generating  plant 
where'  equipment  for  performing  the  long  test  might  be'  located,, 

With  the  above  scheme  of  continuous  and  intermittent  analyses,  a  complete 
knowledge  of  the  purity  and  the  major  contaminan.ts  will  always  b(^  available' 
for  the;  user.  Plant  product  will  be  ce)nlinue)usly  analyzed  so  lhat  an 
average'  purity  and  contaminant  level  will  be  available'  fe)r  investigatie)n 
and  the  maje)r  probh'ms  e‘e)ncerning  safe  e)peration  of  the  plant  will  be 
ovei'e'onu'.  Depe'nding  een  the'  frequency  e)f  the  inte'rnritte'iit  analyses  fi’om 
the  storage'  facilities,  any  ine'rease'  in  ce)ntaminant  h'vel  or  ele'e- re'ase'  in 
purity  elue  to  mishandling  oi’  excessive  va] oidzation  in  the'  storage'  tank 
e'e)uld  be  ase'e'rtained  and  renu'died,. 

SPECIFICATIONS 

Maximum  Lamits 

Total  Ilydroe'ai'bons  500  ppm  (me'thane'  e'eiuivah'nt  - 

mole'  basis) 

Ace’tyh'iie'  4  ppm  (mole'  basis) 

These'  maximum  limits  provieie*  little'  margin  for  safe'ty  aiui  must  be 
i'('garei('d  as  unsafe.  It  is  re'e’omme'iule'd  that,  if  tejtal  hydroe-a  rbons 
re'ae'h  500  ppm  or  acetylene  reae'lu'S  4  ppm,  ne)  fuidlu'r  handling  be' 
perfoi’med  ('xempt  for  immediate'  e'lne rge'iu’y  me'asui’e’s  eie'sigiU'd  lee 
safe'ly  elispeese'  of  the'  liejuiet  eexygen. 
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The  maximum  limit  for  acetylene  is  based  on  the  solubility  of  acetylene 
in  liquid  oxygen.  Hydrocarbons  containing  more  than  four  carbon  atoms 
would  not  appear  in  detectable  amounts  in  the  course  of  routine  operations, 
so  the  maximum  limit  of  500  ppm  for  total  hydrocarbons  is  based  on  the 
solubility  limit  of  isobutylene,  the  least  soluble  of  the  light  hydrocarbons. 
Isobutylene  is  rarely  found  in  liquid  oxygen,  and  it  is  considered  that  the 
maximum  limit  of  500  ppm,  which  is  also  taken  as  the  basis  for  use  and 
procurement  limits,  is  conservative  for  the  normal  run  of  liquid  oxygen. 
Methane  generally  comprises  the  bulk  of  the  total  hydrocarbons  in  liquid 
oxygen  and  the  maximum  limit  could  be  relaxed  considerably  if  methane 
concentration  were  determined  separately. 


Use  Limits 


Total  Hydrocarbons  315  ppm  (methane  equivalent  - 

mole  basis) 

Acetylene  1.2  ppm  (mole  basis) 

Particulate  Matter  2.9  mg/liter 

The  use  limits  are  considered  to  apply  at  the  last  point  that  corrective 
action  can  be  taken,  that  is,  in  the  storage  tank  used  to  supply  the 
missile  tank.  At  limes,  it  is  necessary  to  load  liquid  oxygen  into  a 
missile  tank,  hold  for  a  period  of  time  and  subsequently  return  the 
liquid  oxygen  to  the  storage  tank.  The  use  limits  recommended  for 
total  hydrocarbons  and  acetylene  are  based  on  the  supposition  that  liquid 
oxygen  will  pass  twice  through  a  load-unload  cycle  and  that  the  resulting 
concentration  should  not  exceed  90%  of  the  maximum  limit.  If  experience 
with  a  particular  load-unload  system  shows  that  a  different  vaporization 
rate  occurs,  the  use  limits  should  be  revised  accordingly. 

The  suggested  use  limit  of  2.9  mg/liter  for  particulate  matter  is  based 
on  a  tank-cleaning  specification  which  allows  this  amount  of  contamination. 
It  is  of  little  value  to  require  that  liquid  oxygen  in  a  tank  be  cleaner  than 
the  tank-cleanliness  permits. 

No  use  limit  is  suggested  for  argon  since  it  is  presumed  that,  due  to 
preferential  vaporization,  argon  concentration  will  always  be  lower 
than  procurement  specifications. 

No  use  limit  is  suggested  for  nitrogen  because  nitrogen  pressurization  may 
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or  may  luil  bc'  usc'd.  The  limit  for  nilro|j,cn  impurity  must  !)(' 
dctcrmiiK.'ct  for  individual  facilific’s  and  witl  dopcaid  on  tiu'  mission 
laHiuirenuMils. 

No  us;('  limit  is  suppa'stod  for  (‘ari)oii  dioxide'  and  wali'r  leocauso  Itu' 

('ffc'ct  of  solids  on  Itic  inb'iidod  usi'  of  ilin  liquid  oxypt'ii,  an  im|)ortant 
part  of  Ihis  propram,  has  not  ycl  b('(!n  sludie'd 

Procu rnnu'nt  Spe'cifical ions  Limits 

Total  Hydrocarbons  hO  ppm  (nu'thaiu'  (’(|ui vaU'nf  - 

mob'  basis) 

Acc'lybuK'  0.  2  p|)m  (molo  basis) 

I’olal  Impurities  0.  5'a  (niole  basis) 

The  procurement  s|)eeifications  are  considere'd  to  apply  to  tlu’  point  at 
wliicli  liquid  oxypt'ii  ('iite'rs  flic  proju'llant-loadinp  sysle'in.  i  .  e„ .  Hie 
traitc'i’  d('li vc'riri'p  {lie  liquid  oxype'n  froiii  the  jHanI  to  Ihe  launchsiic' 
slorapt'.  With  Ihis  specification,  pro[)or  quality  conirol  can  bc'  ('xercist'd 
by  producers  wito  may  Ix'  snpplyinp  liquid  oxypen  from  -a  numbc'r  of 
diffe'ia'nl  pt'iie ralinp  sib'S, 

TIu'  iibove  I'trocai rt'int'iil  spe'cificafions  art'  bast'd  on  Hit'  t'slablished 
ability  of  litiuitl  oxypi'ii  miuuihicturers  to  supjily  litiuitl  oxypt'n  of  Hit' 
retiuirt'tl  tiuttiily  on  a  routint'  littsis..  Undt'r  normal  liandlinp  ctniditions, 
liquid  oxyp't'ii  may  undt'rpo  ;t  total  va])ori'/,ation  t;f  75  pt'rct'iil  from  tlit' 

Unit'  of  prtitai rt'iiit'nf  It)  Hit'  Unit'  of  final  ust'  in  a  missib'.  This  fipni't' 
has  bet'll  t'sUmalt'tl  from  Hit'  ftillowinp  assumplions;  13  pt'rct'iil  is  lost 
wliilt'  loadinp  a  trailer  frtini  ;i  tank  car  and  unlotitiinp  into  Hit'  launc.h- 
silt'  slorapt'  tank;  0„  25  pt'rcent  per  day  is  lost  from  Hit'  storape  tank; 
lilt'  Htiuiti  oxypt'ii  is  sltirt'tl  ftir  out'  yt'tir;  two  eyeb's  of  hiadinp  ;\nd  tin- 
loatlinp  lilt'  missib'  lank  art'  pt'rformed  with  15  iit'i'ta'iil  loss  in  each 
cycit'.  Thus,  if  can  be  st'cii  that  Hit'  non-volatib'  impurilit'S  may  bt' 
conct'iil  ratcfi  aliout  fourfoltl  from  protai I't'mt'iit  to  ust'.  Startinp  with 
lilt'  procurcnioiil  specifications.  Ihc  itital  liydrtica  rbtm  conb'iit  at  ust' 
would  be  200  [ipm  anti  Hit'  act'lyb'iit'  contt'iit  woiihi  bt'  0„  fi  ppm,  well 
bt'low  the  respt'ctivt'  ust'  limits  of  315  ppm  anti  1,2  ppm, 


Thf'  lolal  impurilit'S  .ire  princiiially  a  rpon  with  small  amounts  of 
nil  roi'.t'ii ,  acei  vleiie.  hvilroc.i  rbons,  ca  rbon  dioxitli-,  anti  waft'r.  With 
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a  75  percent  vaporiz.dieii  loss,  tiu'  original  total  impurities  will  have 
dropped  from  0„  h'n  to  ahoiil  0.3'','.. 

OPKIUTTCN 

iMluipnumt  Desipii 

Laimeh-Sil('  Repuiafication 

In  p!’es('iil  1  icpiid-oxvdpm  pi'op('l lanl-loadiiip  syslc'ms.  the  ev('r-- 
etiaiipiiip'  eomposilimi  of  the  li(iiiid.  dm'  to  ('vapoi'alioii,  will  la'sult 
in  tlu'  .u  eumulat ion  of  contaminants  to  a  poini  which  may  thr(’at('n 
safc'fy  and  rc'liahility.  At  lh('  prcsc'nt  time,  the  only  im'ans  for 
dealing'  with  this  condition  is  to  pc'riodically  discard  soim*  of  the 
liquid  oxypen.  Discarding  liquid  oxyp,en  may  also  be  lU'cc'ssary  in 
the  evf'iit  of  unexp('cted  contamination.  Both  conditions  could  he 
r('medi('d  by  use*  of  launch-site;  repurification,  with  possible  ('conomic 
or  lactical  advanlapo'S  ove'r  the  perriodic  dumping'  of  liquid  oxypon,, 

1-iased  on  curre'iit  induslidal  pi’aclice  in  liciuid-oxype'ii  pc'iieralors, 
purification  by  adsorption  is  the  recommended  approach.  Usinp 
this  tc'chnique,  lieiuid  oxype'n  from  a  launch-sitc'  slorape'  tank  would 
bf'  I'ecircul.ite'd  Ihrouph  an  ('xle'rnal  adsorbc'r  for  removal  of  the' 
contaminants.  The  ('ffe'cl ivc'iiess  of  this  syste'm  would  (h'pend  upon 
lh,e  a.dsoi  b('i'  eh'sipn  and  storape'  lank  confipuration.  An  ('xpaiuk'd 
discussion  of  .idsoiix'r  d('sip'n  and  r('i)urificafion  rab'S  is  pix'se'iiled 
in  Appc'iiflix  B. 

It  is  recommended  Unit  a  deiaiied  study  b('  mack'  of  llu'  possibilitic's 
of  rc'pu rificat ion  by  adsurption,,  This  study  would  rc'quirc'  additional 
desipn  analysis  and  ('xperimc’iita!  work.  II  is  expc'cded  that  Ihc' 
ecoiKimics  of  repurification  would  bc'  rc'asonabk'  in  view  of  Ihc' 
increased  I'c'li.d)!  lily  of  Ihc  launch-site  eciuipmc'iit,. 

Impro'W'nu'iit  ol  I'kiuipment  .ind  Pipinp 

As  indie. lied  under  "Di’i'.ree  ol  Contamination",  prc'senl  ecpiipmenl  and 
pipinr,,  in  some  cases,  lea\es  much  (o  be  desii'cd  II  is  recommended 
II). It  pia  seiil  equipmeni  .ind  pipinp'  be  c.x.i  mined  with  a  view  toward 
(d i mi n.i!  inp  de.’ai  ends  ,ind  providiny,  adeipiali'  lhroii[;h  flow.  'I’o  accomplish 


,:^c‘i  'Puk/u^  atu/  C%efnica{4 


this,  il  may  Ik-  lu'ca'ssary  to  roa ri'aniAO  pipin[;'  or  install  drain 
liiu'S.  Some’  specific  examples  arc'  rear rangenK'iil  of  the  piping 
on  storage'  tanks  as  indicated  in  Figure  3.  and  installation  of  a 
drain  line'  on  liquid- oxygen  eateh-tanks  (Figure  4). 

It  is  furtlu'r  reeomnKMided  that  consideration  be  given  to  positive' 
flushing  action  in  the'  design  of  future  installations.  Fe)i’  example, 
storage'  tanks  e'ould  l)e'  ete'signed  for  vertie'al  orientation,  with 
e'onie'al  bottom  se'edions  as  illustrated  in  Figure  24. 

T ransfe'r  Proe’e'dure 

It  has  t)een  stated  in  the  Dise-ussion,  that  one  of  the  major  sources  of 
atmosplu'ric  contamination  is  tiu'  transfer  operation  in  which  temporary 
e'oniu'ctions  are'  fre'quently  made  and  broken.  It  was  also  ix)inted  out 
that  contamination  can  occur  either  by  trapping  a  portion  of  the  atmos¬ 
phere’  in  a  warm  line  or  by  allowing  the  atmosphere  to  enter  and  de'posit 
condensable's  inside  e'e)ld  equipmento  Be)lh  mechanisms  for  ce)ntamination 
can  be;  e'ontre)lle'd  by  strie't  adherence  to  ])roper  procedures.  The  trapped 
portieui  eif  the'  almosphere  may  be  reme)ved  by  adequate  purging  befe)i’e 
li'ansfer ring,  and  e'eendensables  may  be  i)revented  freim  entering  e‘e)ld 
('quipnu'nt  by  alle)win[;'  the  eeiuipment  te)  warm  befe)re'  dise'onneu’ting. 

It  is  !-e'ce)mme'neleel  that  suitable  transfer  pre)cedu I'e's  be  e;stablish(!d  and 
fe)lle)we'd  in  e)r(te'r  te)  re'duce  atme)spheric  ce)ntamination.  In  se)me  e'ases, 
it  may  be’  ne'cessary  te)  redesign  transfer  pii)ing  in  a  maniu'r  similar  te) 
the'  a  rrange'me'iit  sheewn  in  Figure’  25.  With  sue'h  an  arrange’ment, 
suitable'  ix'i'formane'e  could  be’  obtained  using  a  |)re)e’edure  such  as  fe)lIows: 

Using'  ne)rmal  practie'e  in  reme)ving  cai)s  and  se’als  prie)r  te)  making 
sue'h  e'e)nn('ctie)n,  the’  supply  unit  and  liquid  ree'C'iver  are'  e'e)nne'ctefi 
witli  tle’xible’  he)se’„ 

Valve’  No.  1  of  tho  supjely  'init  is  ope'ne’fl  anel  the’  initial  vapors, 
followed  by  lieiuiel,  are'  alleewe’el  te)  fle)w  lhre)ugh  the'  hose’  and 
\'e’nt  through  Valve-  Ne),,  2. 

Wlu'ii  liepiid  oxyge’ii  elise'ha  I'gos  threaigh  the-  ve-nl  fi'emi  Valve'  Ne).  2, 
x'alve’sNo.  3  and  No,  4.  whie'h  a  re-  iie)i'mally  e'lose’d,  a  I'e' eepe-ne-el; 

\',ilve'  Nti,  2  is  the-n  e'lose'ei.  etiverting  fleew  thi’eeuqh  the'  filte’i'  te) 
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du'  \'('iil  Ihrnu^di  Vent  No.  4. 

Wlion  li(iui(l  ft!)\v  rt'aclu'S  tiu'  discha r'i.c'  of  the'  vc'iit  litu;  (lirouj^h 
Valv('  No.  4,  Valv('  No,  T)  is  opi'iu'c!  and  Valvi'  No.  4  is  closi'd. 

1'ransf('r  pi'ocoods  Ix'lwoon  du'  supply  nail  and  di('  ri'C(’i\'('f 

When  lraasf('r  is  complc'lo,  Valv('s  No,.  Ti  and  No,.  I  ari'  closi'd, 
and  Valve'  No.  4  is  imnu'di  ali'ly  ope'iw'd  to  vi'iil,  fodowi'd  by 
closing  Valve  No.,  3  and  opc'innp'  Valve  No,.  2. 

WIh'ii  u,'as  flow  difoua;h  Valve'  No.  4  vent  is  re'duee'd,  Valve  No.  4 
is  e'lose'd:  the'  filter  is  ise)lale’d  anel  as  it  e^eenliiuie'S  le)  warm,  du’ 
filte'r  i.ire'ssure'  will  ine-rc'ase'  until  the'  ])ressure'  re'lie'f  valve' 
oju'its  (at  a  neeniinal  pressure'  eif  lOO  psif;). 

Wile'll  the'  fle'xihle'  heise'  tc'inperature  e'xe'ee'ds  the  de'w  point  of  the' 
amliienit  air  (as  indieate'd  by  the  disappe’araiu'e  eif  freist),  uii 
e'eiuiiliiifj,  may  preie-e'ed,  usin^'  iieirnial  [irae'lie’e'  in  re'phu'iiif;  e’aps 
and  se'als  as  soem  as  e-aeli  dise'einiu'e't  is  iiiaeii’,  If  eh'freist  of  the' 
line  is  too  proleiiiL^e'd  for  the  operatieiiis  e'one'i'rne'd,  fleiwing-  wate'r 
or  odie'i’  nie'ans  of  ine' re'a siiij;'  the'  he'at  flow  to  the'  line  may  bo 
e'liiploye'd. 

The'  above'  a r ranoe'me'iit  and  preieo'diire'  would  be'  a  valuable'  ste'p  in  a 
prog  ram  .linie'd  at  e'oni  rolling;  unpre'diedable  e'ontaniinat  ion,  aiiel  I'oulel 
be'  [irovide'd  at  small  eaipilal  e'xpe'iise',. 

It  is  fui'tlier  re'e'omme'iide'd  that  e'einsieie'ration  also  be  [j,ive'n  to  otlu'r 
appi'oae'lu'S  suedi  as  dry  nitrei^e'ii  blanke'tinp,'  and  eiuie'k-eiise'einiu'e't 
fitt  iiips, 

Vurdier  work  shoulel  be-  eloiie'  on  the'  preibh'iii  of  sedid  C()2  in  missile' 
lieiuid  oxypeii,  Tests  shoulel  lie-  e'emduedeii  to  di’le'rmiiu'  if  that  material 
doos  ae'tually  ere.de  unelesi r.ibh'  e'onelilions  eiurinp  a  missile'  laiikinp 
or  shoot.  If  the  answe'r  is  positii’e',  the'  C02  should  be'  re'iiiove'el  by 
filtration  anel  aelsorpt  ion;  it  ne'pative',  a  filte'r  asi.e'mbly  shoulel  be'  desipne'el 
which  will  |i;iss  llio  (’()2  [lartie'le'S  bed  withholel  othe'r  uneie'sireel  partiede'S 
(rust.  s;i;id,  lint,  ele'  ) 
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ARRANGEMENT  FOR  MAXIMUM  FLUSIRNG  ACTION  BY  THROUGH- FLOW 


!,u; 


am/  {ytCi'ftica/j 


Film  If^iiilioii 

II  is  si  loiij^iy  r('('()mm('ncl(’ci  llial  furlluM'  work  lo  Ix'  cioiu'  on  iho  ijaiilion 
of  hydi'ocarbon  films.  If  llu'  proposi'd  100  milligram  pc'r  sciuaro  fool 
limil  can  Ix'  suhsfanfiatod  l)y  fnrtluM’  U'sts  wilh  oilx'r  [;r('as('s,  oils. 

('lc„  .  the  missih's  propi’am  may  save  niindi  moix'V,  linu'  and  in  sonu' 
e;is('s,  proj('(d  didays  by  (he  sitiiplifiealion  of  pix'scnil  (d('aninp  nx'llxxis., 

Sialic  Cluirge  Geix’i'alion;  docs  noi  s(X’m  lo  hc'  a  [)rol)l('m  in  handlini; 
of  li(pdd  oxygen  having'  tlu'  ix)rma!  amoiinis  of  confaminalion.  'hhe 
noi'iiial  proc(xlui’('s  of  ^I’oimdinp;  ('qnipmeni,  piawanilinp  sloshin[^'  in 
lanks,  etc.  shoidd  !)('  fo!!o\v('d. 

Piirily  Analysis  Siirv(‘y  at  Capo  Canavc'ral 

With  Ihe  ('xcf'ption  of  llu'  possihk'  additional  carbon  dioxide'  ix'ciuire'nx’nf 
as  oiilliix'd  below,  Ihc  Air  Force  should  mainlain  MlL-P-2r)508C  {Mililai’y 
Spf'cification,  Prope'llant,  Oxyp;en)  as  it  ('xisis  re^a I'diiif^'  llx'  U'vx’l  of 
puidly,  and  Ihe  amounts  and  types  of  impiiritii's  pn'se'iii  in  licpiid  oxyf^e’ii. 

It  should  Ix'  determined  if  t!;e  pix'se'iiee'  of  solid  carbon  dioxide'  in  a 
missile'  lank  is  ch't rinu'iilal  to  tiu'  ope' ration  of  ils  liepiid  oxype'ii  flow 
and  flow  e'onlrol  sysle'm.. 

Until  suedi  linn'  as  it  is  de'te'i  inined  whe'llmr  C.’02  is  a  ha/, are!  in  a  missile 
sysb'm,  the'  [iroceire'me'nt  spe'eafienilion  shoulel  be'  re'visi'd  lo  limil  I  Ix' 
h've'i  of  carbon  dioxiele’  to  be'ieiw  ils  solubility  in  lieiuid  oxyptM).  This 
value'  is  approxiniate'ly  5  |)pm  (medar)  al  Ihe'  normal  boilinp'  point  of 
liepiiel  eixype'ii. 

It  is  siippe'ste'el  lhal  llx'  Pa(id(d\  Laborateiry  iiu’orporale'  a  enilibration  pas 
pix'pa  ration  preieaxlure'  similar  lee  lhal  use’el  al  (he  Felwaixls  Air  Foi'ix' 

Base'  Flifdit  d’e'sl  Ce'ule'r  l.abeei'alory.  This  appa  rains  utili/e'S  a  mie'i'o 
manonie'te'i'  lo  me'.iseii'o  Ihi'  volume’s  eif  pas  use'd  in  pi’e’parinp  Ihi’ 
slaneia  rdi/at  ion  mixIure'S.  anel  llx'  mixture's  are'  pre'pai'od  elire  ediy  in 
Ihe  ana lyzc  r  pas  es'l  1 ,  e'li  mi  nil  inp  peile’iit  ia  1  e’r I'ems  from  pas  I  ra nsfe’r 
or  eliff  ision.  ('I'his  slauel.ireli/atiexi  le’e'hniepii’  was  use’d  at  Kelwarels 
Air  Fore'e  B.ise  in  ime’parinp  a  me’lhaiu’  in  oxypi’ii  I'a  1  ibral  ion  eaii've’. 
d'hi’  rcsulls  of  Ihi'e'i’  analysi'S  for  nx’lhane’  on  Ihe  i-ieiwaiels  75  tons  peo’ 
el. IV  Plant  iieiuiel  'ixypon  pi-oelued  showe’el  an  ave’r.ipe’  ed  1,5,5  p|)m.  TIk’ 
rcsulls  Ilf  all  of  ihc  analyses  fe»r  me’lhaiu’  from  llu’  uie'iilie'al  75  Imis  pe’i' 
d.iy  Plants  ;d  C.ipe  ('.m.i\'cr  il  in  this  re'pnri  .i  Iso  a\'i'rapcel  1,5.  5  ppm  ) 
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APPENDIX  A 

LIMITS  FOR  FLAMMABLE  CONTAMINANTS 


]„  Flammability  Limits 

For  a  mixtui'(‘  to  bo  flammable,  sc'voral  conditions  must  exist 
(5,  16)„  Proper  quantities  of  fuel  and  oxidant  as  well  as  a  sourca' 
of  i[^nition  must  be  present.  An  exception  to  this  rule  is  the  d’e- 
ctjmposilion  under  ec'i’tain  conditions  of  some  chemicals  which 
have  nej^ativc  lieats  of  formation  ~  acetylene,  silver  acetylide, 
ozone,  and  others  -  without  the  need  of  any  agent.  These  materials 
are  hazardous  by  themselves  and  play  a  part  in  ignition.  Hazardous 
conditions,  in  general,  are  avoided  by  preventing  the  simultaneous 
appearance  of  all  thiau'  of  these  factors. 

In  the  case  of  liquid  oxygam  the  oxygen,  obviously,  serves  as  the 
oxidizer  and  cannot  be  eliminated.  Not  all  sources  of  ignition 
are  known,  so  [)ositive  control  of  the  mecdianism  of  ignition  is 
difficult.  Control  of  the  fuel  remains  as  the  safest  means  of 
.1  voiding  a  hazardous  condition.,  Howevei’,  the  avoidance  of  finds 
does  not  necessarily  mean  that  ignition  sources  or  initiatoj-s  ai’e 
to  be  ignori'd. 

Much  is  known  about  flammai)le  limits  of  gasi's  in  air  (5),  and  the 
underlying  tln'ory  of  combustion  has  been  studied  extensividy  (16). 

Data  on  combustible  limits  in  gaseous  oxygen,  although  not  as 
compk'ti'  as  in  air,  are  also  available'.  Hi-wever,  data,  on  combustibh' 
limits  in  liquid  oxygeii  aix'  very  meager,  although  this  is  not  as  great 
a  handicap  as  it  might  sinmi.,  Further  discussion  will  show  that  safe 
generalizations  may  be  used  as  guide's  for  combustibh'  limits  with 
liquid  oxygen. 

Tabh'  A“I  pri'si'itts  the  lower  flammability  limits  for  various  gases 
in  both  air  and  oxygi'ii  at  ambient  te'mpi'rature  and  atmospheric 
pi'essuri'.  It  can  be  seen  tint  the  limits  for  all  of  the  gases  listi'd 
are  jiractic.i I ly  tlu'  same  for  both  cases,  indicating  that  thi'  limits 
ari'  S(’l  by  tin'  conci’nt  rat  ion  of  fuel,  providing  suffiident  oxygi'ii  is 
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prcsoiil.  On  lliis  evidciico,  it  ni;iy  be  prosunu'd  (liat  flammability 
data  obtained  with  air  may  be  used  as  if  it  were  obtained  with 
gaseous  oxygen.  It  is  also  interesting  to  note  that,  on  a  methane 
equivalent  basis,  flammability  limits  for  the  hydrocarbons  are  all 
approximately  the  same. 

Comparing  flammability  limits  in  liquid  oxygen  versus  flammability 
limits  in  gaseous  oxygen,  it  may  be  predicted  that,  in  general, 
more  fuel  will  be  needed  with  liquid  oxygen  than  with  warm  gaseous 
oxygen.  This  prediction  is  supported  by  a  consideration  of  the 
requirements  of  combustion.  For  combustion  to  be  self-supporting, 
sufficient  energy  must  be  produced  by  the  burning  portion  to  raise 
the  adjacent  mass  to  kindling  temperature.  If  liquid  oxygen  is  used 
in  place  of  gaseous  oxygen,  additional  heat  is  required  both  to 
vaporize  the  oxygen  and  fuel  and  to  warm  the  vapors  to  ambient 
temperature.  This  additional  heat  can  only  come  from  additional 
fuel.  Thus,  it  may  be  assumed  that,  where  experimental  flam¬ 
mability  data  is  lacking  for  liquid  oxygen,  margin  of  safety  is 
supplied  by  using  data  obtained  with  air  or  gaseous  oxygen, 

2,  Solubility 

In  the  above  discussion  of  flammability  limits,  it  was  assumed  that 
the  mixtures  of  fuel  and  oxygen  were  homogeneous.  However,  in 
actual  circumstances  it  is  unlikely  that  concentrations  of  hydro¬ 
carbons  would  be  permitted  to  approach  the  flammability  limit. 

Table  A-II  presents  the  solubilities  of  the  various  hydrocarbons  in 
liquid  oxygen  compared  with  their  lower  flammability  limits. 

Solubility  as  a  function  of  temperature  is  presented  for  the  saturated 
hydrocarbons  in  Figure  A-1  and  for  the  unsaturated  hydrocarbons  in 
Figure  A~2„  It  can  be  seen  that,  except  for  methane,  ethane,  and 
propane,  the  solubility  limit  is  reached  well  below  the  flammability 
limit.  Concentrations  above  the  solubility  limit  are  as  hazardous 
as  concentrations  above  the  flammability  limit.  This  means  that 
hazard  tolerance  should  be  based  on  solubility  limits  instead  of 
flammability  limits. 

Although  solubility  is  generally  thought  of  as  equilibrium  between  solid 
and  liquid  phases,  it  can  also  be  considered  to  be  equilibrium  between 
immiscible  liquid  phases.  Ethane,  propane,  ethylene,  and  propylene 
are  all  reported  (6,  18,  19)  to  form  conjugate  phases  with  liquid 
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oxy^t’ii.  Ill  (he  cast’s  o!  clliyloiu’  and  proiiylone,  (ho  formation  of 
a  socoiui,  fuolrich,  liquid  must  bo  considorod  in  llio  samo  catopmry 
as  (ho  formation  of  a  solid  jihaso.  and  with  tho  samo  doproo  of 
ha/.ard..  Tho  oonooni ration  of  hydrocarbon  in  (ho  oxypon  rich  phase 
would  bt!  (ormod  tho  solubility.  Considorablo  data  on  solubilitios 
of  combustiblos  in  licpiid  oxypon  aro  availablo  in  (ho  litoraturo 
(G,  8.  10,  11.  18,  14,  16,  18,  19,  22.  23,  25  and31)„ 


3.  Initiators 

An  initiator  is  dofinod  as  an  onorpy  source  of  such  a  mapniiLuto  and 
intonsity  dial  a  fuol-oxidant  roaclion  can  occur  jirovidinp;  tho  fuel 
oxitlanl  mixturo  ooiicont ration  is  within  the  flammability  ropion 
Initiators  can  bo  (dicmical,  thormal,  oloctrical,  and  mochanical  in 
iiaturo,  Tlio  intonsity  of  the  onorpy  source  refers  to  tho  oiiorpy  (oi' 
lonfporaturo)  lovoi,  and  m;ipnitudo  rc'fors  to  tho  total  quantity  of 
onorp,y  roloasod  as  kindliiifi;,  Tho  potential  (diomical  initiators,  o/.oiu’, 
and  tho  nitropon  oxides  aro  discussed  at  Imipth  below,  A  discussion 
of  thormal  initiators  sucii  as  (’h’ctric  mattdios,  blast inp  cajis. 
oxtornal  lu'at,  and  thormitr'  bombs  is  beyond  (Ik'  sco|)('  of  this  proji'ci,, 
Rh'ctrical  initiators  such  as  static  ('h'ctricity  discharpc',  whicdi  is 
p(’n('rat('d  witliin  tlu'  liciuid  oxypon  handlinp  system,  ari'  a  part  of 
diis  projc’ct.,  IVI(’chanical  initiators  such  as  adialiatic  biibbh'  coni-- 
prc'ssion,  fluid  friction  of  hiph  v(’locity  solid  partich's,  nu'chanical 
friction  of  valvi's,  and  pump  iK'arinps  and  shock  wavi'S  induci’d  by 
dvator  haiiinu'r'  also  will  Ik'  studi(’d„ 

Ox, OIK’  has  bo('n  shown  ('xp('rimontally  to  ri'act  witli  unsaturatod  hydro¬ 
carbons  at  licjuid  oxypmi  (('mpoi-aturos  and  to  iiicroaso  tlu’  ipnition 
sc'iisiti vity  of  liciuici  oxypon-fiK'l  mixturi’s  in  tiu'  flamniabol  ri'pioii 
(14)„  Flammable  mixtun'S  of  liciuid  oxypon-fiu'!  have'  bc'on  ipiiitcd 
hy  07, one’  (4,  14,  18,  23,  28)„  Explosive  reactions  bc’twc’c’ii  o/ono 
and  nitropon  (I'ioxidc’  or  ((’li'oxich’  at  tc’mpc'raturos  wc’ll  above’  297"  F 
(29)  and  oxiiiosivo  de’compositiein  of  o/.oiie’  itsc’lf  at  -160"  F  (12)  have 
be’c’ii  re’porte'd.  In  all  e'xpe’rimcnta  1  woi’k.  rc’lativoly  la rpo  c|uant it ic'S 
of  07, OIK'  we’re  use’d.  Ilowe’ve'r.  de’spitc’  the’  e’vide’iice'  of  its  aliility 
to  initiate  combustion,  the’ri’  is  no  le’portc'd  e’vidonce’  in  the’  lite'raturi' 
of  the'  prc'Se’iice’  of  0701K’  in  liquid  oxype’ii.  One'  team  of  in  vest  ip.alors 
ri'iiort  the'  possiiiitity  of  trace’  ejuanlilie'S  (22), 
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Exporinu'iits  with  iiilric  oxide  and  iiilro|;eii  dioxide  sliow  that 
iK'illier  reael  with  unsaturaied  hydrocarbons  at  -297”?  and  that 
they  do  not  increase  the  ignition  si-nsitivity  (in  some  eases, 
even  lowering  the  sensitivity)  of  flaniniable  liquid  oxygt'ii-hydro- 
carbon  mixtures  (14).  If  ozone  (at  least  more  than  200  ppm  ozone 
for  mixtures  studied)  is  introduced  into  flammable  liquid  oxygen-- 
unsaturated  hydroearl)()n  mixtures  containing  nitrogen  dioxide, 
the  ignition  sensitivity  is  inereas(’d  to  a  greater  extent  than  that 
due  to  ozone  alone  (14)„  Nitrogen  dioxide  add('d  to  a  liquid  oxygen- 
ethane  mixture  just  ladow  the  lower-flammable-limit  eoneentration 
had  no  (’ffeet  on  the  limit  (18).  Nitric  oxid('  reacts  with  oxygen 
at  temperatures  slightly  above  -297"’F  and  very  violcmtly  at  -265°  F 
(21). 

Experiments  with  gaseous  nitrous  or  nitric  oxides  have  shown  them 
to  be  flammable  but  no  ignition  occurred  when  each  solid  oxide  was 
slurried  in  liquid  oxygen  (18).  Cocrystals  of  nitrous  oxide  and 
acetylene  containing  more  than  25  mol  percent  of  the  latter  wi'ri' 
observed  experimmitally  to  have  the  same  ignition  sensitivity  in 
liquid  oxygen  as  acetylene  (26). 

Data  on  the  presmice  of  initiators  and  sensilizio’s  in  liquid  oxygtm 
and  knowh'dge  of  their  effects  are  meager.  Tlu'  safi'st  course 
appears  to  be  the  avoidance  of  flammable  liiiuid  oxygen-fuel 
mixtures  and  thi'  pri'vimtion  of  llu'  occurrence  of  clumiical,  thi'rmal, 
and  nu'chanical  initiators., 
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TABLE  _A-I 

LOWER  FLAMMABILITY  LIMITS  OF  COMBUSTIBLES 


Gas 

Air* 

Oxygen (Gas) * 

Oxygen  (Liquid) 

Hydrogen 

4.0 

4.0 

— 

Methane 

5.0 

5.  1 

11.0 

Ethane 

3.0 

3.0 

4.0 

Propane 

2.2 

2.3 

— 

Butane 

1.  9 

1.8 

— 

is(;-Butane 

1.8 

1.8 

— 

Ethylene 

2.7 

3.0 

— 

Propylene 

2.0 

2.  1 

— 

Butene- 1 

1.6 

1.8 

— 

Bulene-2 

1.8 

1.7 

— 

i -Butylene 

1.8 

— 

— 

Carbon  Monoxide 

12.  5 

15.  5 

— 

All  values  are  given  in  mole  percent  (not  methane  equivalent). 

*  Reference  h  ,  ambient  temperature,  atmospheric  pressure. 
+  + Ref(’i’(’nc(’  18,  -297'’F,  atmospheric  pressure. 


Gas 

Methane 

Ethane 

Propane 

Ethylene 

Propylene 

l-Buiane 

Butene- 1 

n- Butane 

1--Butylene 

Acetylene 
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T/VDLE  A-II 

SOLUBILITY  OF  HYDROCARBONS  IN  LIQUID  OXYGEN 
Parte  Per  Million  by  Mole 

Solubility*  at  -297.  3“F  Lower  Flammability  Limit 
(Methane  Equivalent)  _ (Methane  Equivalent) _ 


B80, 000 

50,000 

430, 000 

60,  000 

150,000 

63,  600 

55,000 

55,000 

20,  100 

60,000 

7,640 

72,000 

4,000 

64,000 

3,  440 

74, 400 

530 

72, 000 

10 

50,000 

*  Reference  19 


APPENDIX  H 

ADSORPTION  REPURIFICATION  OF  LIQUID  OXYGEN 


Since  low-teiiiperaturo  aclsorption-purifiei's  are  already  us('d  in  air-separation 
plants  to  remove  hydrocarbon  contaminants  and  carbon  dioxide,  adsorptive 
purifiers  can  be  designed  for  stored  liquid  oxyf^en  based  on  this  experience. 

The  differenc.'?  belwee!!  tlu'  purificad.ioti  of  stored  liquid  oxyii^en  and  purification 
in  an  air-separation  plant  lies  in  the  different  conditions  us('d  for  tlu'  process. 

The  hydrocarbon  adsorbers  in  a  generatin[^  plant  normally  operate  at  about  -280°F 
and  7h  psia  whereas  adsorbers  purifying  stored  liquid  oxygen  would  operate  at 
about  -297°F  and  slightly  alDOve  atmospheric  pressure.  The  effect  of  temperature 
(HI  adsorber  capacity  has  not  been  completely  established,  but  it  may  be  parti¬ 
cularly  important  for  the  components  with  low  solubilities  which  are  of  interest. 

Available  data  shew  that  the  adsorptive  capacity  for  contaminants  decreases 
with  a  (tccreas('  in  inlet  conccuil  ration.  Siiuu'  tlie  coiu'cnil  rat  ions  to 
be  handled  in  launch-site  storage  are  lower  than  the  concentrations  dealt  with 
in  air  plants,  the  concentration  difference  must  also  be  consid(;red  in  adsorber 
design.  Although  conservative  criteria  may  be  used  for  the  safe  design  of 
adsorptive  repurification  systems,  it  is  desirable  to  obtain  moi’e  quantitative 
data  on  adsorbent  cliaracteristics  before  establishing  final  dc'signs. 

Since  tlie  build-up  of  contamination  in  stored  liquid  oxygen  is  genei'ally  a. 
gradual  process,  it  would  not  be  economically  desirable  to  t)uild  individual 
repurification  units  which  would  be  idle  much  of  the  time. 


R(’purification  Rate 

Tlie  purification  ral('  of  a  recirculal ion-adsorb('r  dejiend  primarily  upon  the 
si/.e  of  tlie  circulation  pumi)  and  the  extent  of  mixing  in  tlie  storage  tanks. 

During  lu’pu r ifical  ion  through  an  external  adsorlxu’  tlie  licpiid  oxygmi  would  Ik' 
sutiject  to  additional  heat  influx  diu'  to  the  adsorntion  operation.  Liciuid- 
iiitrogaui  r('frig('rat ion  could  In'  used  to  recondeiise  any  boil-off  rc'sulling  from 
such  iK'ating. 

In  llu'  simplified  analysis  of  ri'pu r if icat  ion  rales  wliicli  follows,  lifiuifl-nilrogen 
r('('ond('nsal  ion  of  the  lioil-off  oxygcui  is  assumed.  (Tlic'  amount  of  li(iuid  nitrogaui 


no 
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required  would  be  small. )  In  addition,  11  is  assumed  that  the  circulating 
oxygen  leaves  the  adsorber  completely  free  of  contamination,  although  It  Is 
recognized  that  this  is  true  only  for  a  perfect  absorbent. 


The  following  simplified  models  are  considered  in  evaluating  the  probable 
repurification  rate: 

1.  Compjet^e  Dy^Pa^ing 

If  the  positions  of  the  inlet  and  outlet  lines  leading  to  and  from  the  re- 
purification  system  are  close  to  each  other  in  the  storage  tank,  it  is 
possible  that  complete  by-passing  will  occur.  Liquid  oxygen  flowing 
to  the  adsorber  will  have  been  already  purified  and  essentially  no 
purification  will  take  place  after  an  initial  active  volume  has  been 
circulated  through  the  purifier.  The  positions  of  the  inlet  and  outlet 
lines  in  the  storage  tank,  therefore,  must  be  arranged  to  promote 
thorough  mixing  of  the  contents.  (Refer  to  Figure  3  in  llu'  body  of 
IIk'  rc'pori. 


2.  Complete  Mjxbig 

For  the  case  of  complete  mixing,  the  concentration  of  contaminant  will 
decrease  according  to  the  equation: 


dC 


dt 


kC 


where 


C  --  concentration  of  contaminant  in  liquid  oxygen. 

(  “•  time  after  start  of  purification,  hours. 

k  purification  coefficient  (cap:u’.ily  of  pump  per  iiour 
-^-.-.^iivided  by  storaceJankj;apaclty). 


The  inlogv.ited  form  of  this  equation  yields  the  new  concemra.t ion,  C,  of 
'.iie  iiripuriiv  in  question; 


C 


In 


kl 
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where 


Cq  =  initial  concentration  of  contaminant. 

The  "half-life"  of  tiie  piu'ific.alion  .system,  i.  ,  th(’  time  required  to 
rediiee  the  contaminant  concentration  by  a  factor  of  two  is: 

I i /2  0. 694 

"  k  ^ 

Thus  a  tank  containing  24,000  gallons  and  connected  to  an  e.xternal  re- 
nurifier  circulating  liquifl  oxyg('n  at  a  rate  of  100  gpm  will  h.a.vc  a  "lialf- 
lifc"  of: 


*1/2 


2. 78  hours 


Plug  Flow 

In  the  case  of  plug  flow,  the  lime  to  remove  all  the  contaminant  is  pro¬ 
portional  to  the  volume  of  liquid  in  the  vessel  divided  by  the  pump  rate„ 
For  a  24,  000  gallon  tank  and  100  g?)m  oumn,  th('  liquid  will  be  com¬ 
pletely  purified  in  240  minules,  or  4  hours.  This,  of  course,  is  for 
ideal  conditions  and  will  not  happen  exc('pt  when  pumping  tlie  entire 
contemts  from  one  tank  to  another.  Interc'sl ingly,  the  "half-life"  for 
plug  flow  is  not  much  less  than  that  for  complete  mixing,  i.e. ,  concen¬ 
tration  decreases  linearly  with  time: 


For  tlie  (’xample  cited,  tlie  "lialf-life"  would  be  2.00  liours  as  compared 
to  2.  78  liours  for  complete  mixing. 

Actual  Flow 

Actual  recirculat ioiirilow  will  lx*  a  mixluiu'  of  tin'  three  possible  flow 
conditions  with  the  (l('cr('as('  in  contaminant  concc'nti’ation  being  somewhere 
between  the  rates  for  the  two  extreme'  cases  of  flow,  i.e.  ,  plug  flow  and 
complete  by-passing.  In  launc!i-sit('  stoiaqu'-tanks  eepiippc'd  with  inlet 
and  outb’t  pipini;  arrangements  sucii  as  illusti'ated  jireviously  in  Figure  3(b), 
the  flow  pattern  should  be  more  favoral)l('  to  rai^id  re'pur  ificat  ion ;  tlu'  rate;  of 
decri'ase  in  contaminant  concc'iit  rat  ion  could  Ix'  ('xpe'cted  to  be  closi'r  If)  that 
for  pluf,  flow  and  compU'lc  mixing  than  ff)r  compb'te  l)y-p:issin|g 
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LIST  OF  KILTFH  VENDORS 


Aircnitl  Porous  Media.  Iiicoi-poraii'd 
(den  Co^a',  New  Yoi'k 

Ai'iio  Enpiiu-eriiip  Corporation 
Mc'rkh'ii,  Contu'cl icut 

n('iKlix  Filt('r  Division,  Bcnidix  Aviation  Corporation 
Marlison  IRdphts,  Mic'hipan 

Ca  rboi'Linduni  Company 

Perth  Amboy,  N(nv  .I('rs('y 

C('mmereial  Fitters  Corporation 
M(M’os(',  Massaeluis('tls 

Dot  1  inp;('r  Coi'poi'ation 

Roctiesl('i  ,  N('W  Yoi'k 

Harmon  Equipim'iil  Company 

Los  AiHpdi'S,  C.t  1  ifoi'ni.i 

Mieio  Melaiiie  Division,  P.iii  C’orpoi'.ition 
(JliMi  Ca)V(’,  New  York 

iAir(dalor  Procinets,  Ineorporalefi 
Italiway,  New  .b'rsa'y 
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APPMNDIX  D 

STATIC  ELECTRICAL  DISCHARGE  IN 
LIQUID  OXYGEN  SYSTEMS 


INTRODUCTION 

Elect  chii  accuinuial ion  and  dischai’i^e  are  some  of  llu'  mor(' 

common  ha/.ards  in  handliii'^r  flowiiu'  liciiiid  oxyj^cn.  Normal  safely 
practice  is  R)  pi'ouiKi  tanks,  Iranster  lines,  and  handling  ('quipnu’nl .  A 
bc'tlei'  uiifle rslandinp;  of  th('  m('clianism  of  ehadrostalic  charpc'  i)uild  up 
will  coidribule  to  saf('r  Iransff'r  of  liciuid  ox-ypcMi. 

NATURE  OF  STATIC  CHARGE 

Wli(!n  tlu'  surfaces  of  two  poor  conductors  of  (dectricily  .u'e  brought 
top,'('tlier  and  separaU'd,  (dc'c.trons,  and  sometimes  ions,  cross  from  one 
surface  to  the  other,  resulting:  in  equal  and  oppositf'  charp,'('s  on  Ilu'  two 
surfaces,,  The  two  sui'fac(>s  can  b('  continuous  or  non-continuous,  both 
movinp,  or  only  oiu'  moving'  p. ;  A  fluid  moving  thi'ouph  a  pipe,  two 
phase  I  low  in  a  pip(',  solid  particdc'S  s('ttlinp  in  a  fluid). 

Th(’  limits  of  lh('  amount  of  eh.irpc’  that  can  b('  accumulal('d  arc  due  to  llu' 
(declrical  conductivity  of  IIk'  system;  i„e.  to  the  i’at(’  of  h-akapy'  of  llu' 
ch;iiqq;  from  th('  syst(!m. 

The  factors  affecting  ch;irp;e  accumulation  and  ipmition  hazard  ;ir(': 

a.  (h'omelry  of  the  systtuu. 

1).  Flow  cliaiaclerislics,, 

c.  IHecIrical  pi'opt' rl i('S  of  fluids  and  systems,, 

(I.  Nature'  and  amounts  of  impuidlic'S, 

PASIG  CONCEPTS 

Th('  basic  conce-pts  of  ,sl;i(ic  electricity  p.f'uei’at ion  and  build  up  liuve  be'en 
i'('vi('W('d  by  Klinkenieeiq^  (15)  and  Lo('b  (17).  The  enpiiu'e'rinq  applicidions 
of  Kl inkenbe'rp's  study  to  ollu'r  systi'ins  have  bee'ii  re'viewt'fl  by  Salel;in  (27) 
Th(’  conc(’pts  and  ai)pli('at  ions  that  will  be  used  in  this  la'poi'l  a  I'e  summ;i  id/.ed 
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below: 

1.  Rate  of  charge  generation  as  a  function  of  flow  characteristics 


is  --  1/2  f  Hro  ;r  E  Eo  U  Z 


where  is  Streaming  current  rate  of  flow  of  electrical 
charge  into  the  fluid  (amp)., 

f  Fanning  friction  factor 

HRc  Fluid  R('ynolds  numbei’ 

E  -  Dielectric  constant  of  fluid 

E()  ^  8„85  X  10-14  ;imp„  se('/voll  cm., 

U  Average  fluid  velocity  (cm/s)„ 

Z  Zeta  poh'utia!  -  the  intc'rface  potcmtial  wheix' 

the  charges  are  transf('rred  to  the  fluid,  usually 
0.01-1  volts. 

2.  R.ite  of  eharg(>  leakage'  from  a  eharge'd  system., 

-1  _ 

Q  Qo  '  T 

wlu'rc  T  -  iM'l.ixation  Lime'  (  time'  constant;  sec,,) 

k 

Q  Total  charge'  in  fluid  (Coul). 

Qo  Te)tal  ediarge'  in  fluid  at  some'  arbiti'ui'y  time'  (Coul),, 
t  Time'  fe)!'  ediarge'  tei  elrop  fi’om  Qo  tei  Q  (se'e')., 
k  Fle’e'trie'.i  1  e'emdue'ti vity  of  fiend  (mho  e'm), 

n.a 
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3.  SI  reaming'  polcnliai.  TIu'  poicniial  lu'lwt'en  the  (Mids  of  a  pipe  whieh 
a  fluid  is  flowing  and  accumulafing  a  (■harg('. 

Vs  ■  is  A  if  - 

where'  Vs  SI r('aming  potenfia i  (volls), 

1  -  Length  of  pipe'  (em). 

A  -  Cross  se'e‘tie)n  area  e)f  pipe'  (e'm^),. 

4.  Eiu'i'gy  e)f  discharge.. 


E 


1 

2 


EE, 


A 

I 


1  EEo 

2  A 


i2 

k2 


where  E  Ene'i'gy  e)f  dise'harge'  (Joule). 


IGNITION  HAZARD 

The'  minimum  ignitie)n  ene'rgy  fe)r  volalile'  organic  solve'iils  in  oxyge'ii  is 
0.2m.j„(16). 

Te)urnay  (-1  al  (30)  have-  sludie'd  (he  suse’e'ptibilily  of  liciuid  oxygen  e'xplosi ve's 
made  from  a  solid  adse)rbe'nt  (90%  e)r  more'  activale'd  e’arl)e>n)  se)aked  in 
liquid  e)xyge'n,  to  electroslafie-  disch;.u’ge'.  The  most  sensitive  materials 
require’d  meere  tha.n  2  Joules  te)  initiate'  a  de'tonation. 

It  eain  be'  saR'ly  assumed  that  at  least  0„  2  m.  j,  and  probably  one'  or  (wo 
e)rde'rs  of  magiutude  above'  this  value  weeuld  be'  re'quire'd  lo  initiate  e, 
de(e)nation  f)f  liepiid  oxyge'ii  with  a  e'eimbiistih'le  material. 


EFFECT  OF  THE  GEOMETRY  OF  THE  TRANSFER  LINE 


P'oi’  the'  same'  fhiw  rate' 

'  lee'  i  - 

i) 

I)  eliami'te'r  of  llu'  line'  (e’m) 


jireepeertiejiiality  sign, 


1  Hi 


whe'  I’l' 
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wfntcaU 


and 

For  laminar  flow 
For  turluilcnl  flow 
since 

since 

and 


1 

b 


f  O. 


1 

Nrc 


f  (NRe)-^-2 

-3 

^  Nro  TT 

; 

‘S 

2  „  d-28 

E  -  ^ 

2 

EEo  1 

A-*”  P 

A  =  zr 
T" 

1)2 

E  eX  D-6 

-  D"6.8 

E  "^  l 

The  energy  of  diseiiargc'  would  !)('  dc'creased  grc'atly  by  a  slight  iner('as(> 
in  diameter  of  tlie  line.  It  would  also  decrease  to  a  smaller  {'xleni  by  a 
decrease  in  the  length  of  the  pipe.  For  vc'ry  narrow  lines,  how('vei’,  the 
increased  rale  of  charge'  leakage  due  to  pi’oximily  to  the  wall  would  offst'l 
the  effect  of  dee reasing  diameter. 

EFFECT  OF  FLOW  CHARACTERISTICS 

The  Z('ta  potential  (17)  is  a  function  of  tlu'  thickness  of  the  charged  zone' 
at  the  interface  wlu're  charge'  se'paration  takes  plae'o,  anei  tlu'refore'  it  is 
a  functie)!!  of  the  velocity  anel  flow  patte'rn. 

For  the  same  fluiel  and  ge'onu'try 

Vs  .X  f  IJ2  Z 

The  pre'ssui’c  drop  (A  P)  is  rc'hite'ei  to  the'  ve'locity  by  (24)  tiu'  reiationshij) 

P  r.  f  lj2 
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Bocqiu't  ot  ;il  (3)  hav('  shown  (hat  tin-  rai'io  Vs.,  AP  is  iiidc'iiencic'nt  of 
tlu'  Reynolds  luiniia'r  ov('i-  a  wide  raji'^c'.  This  indicates  that  the  ehan[i[e 
of  Z  with  flow  conditions  is  snvili. 


since'  for  laminar  flow  f  1)“^ 
and  ff)r  tui-bulent  flow  f  U"*^*  ^ 


‘s 


IJ  -  U 


1  t! 


For  turbulent  flow  ;uid  ke'ros.-ne  llu'  stroamint;  current  was  found  e'xperi- 
mentally  (15)  to  be  proportional  to  U1A5 

■  E  U2  -  U^-  6 


Decreasing  the  linear  velocity  f)f  LOX  would  therefore’  decrease  the' 
ignition  hazard. 


Two  phase  flow  she)uld  be’  ave)ided  as  larger  ame)unts  of  moving  interjihase 
surfaces  are  available  feer  rCcpid  ediarge  se'paration. 


EFFECT  OF  THE  ELECTRICAL  PROPERTIES  OF  FLUIDS  AND  SYSTEM 


1.  Sign  of  Charge' 

With  water  and  with  most  e)the’r  impuiutie’S  l-OX  be’emmes  negative’ly 
charge’d,,  Sineu’  most  fuels  flowing  through  a  transfer  line  be’e:ome’ 
positive'ly  charged,  this  inea-eases  the’  ignition  hazard  when  pumping 
LOX  and  fuel  at  the’  same  lime’  into  missile’  tanks. 

2.  Gre)uneling 

Grounding  the’  lines  and  t.inks  eh’e’ re'ase’s  the’  peete-ntial  be’twe’em  fluid 
anel  walls  and  e’liables  h'akage’  of  the’  ediarge'  fi’om  the  fluid  tei  the 
greiunel.  Grounding,  howe’vcr,  doe’S  not  e'liminate’  the  ignitiein  hazard 
fremi  the  ediarge'el  fluiel. 

3„  Eh’ctrie'al  Coneluedivity  of  LOX 

Pui’(’  LOX  is  a  VI  rv  [loor  conelue  to i'  Sm.ill  amounts  of  peila  r  impuritie’S 
increase  its  coneluedivity  consiele'rably.  d'lu'  hazardeius  range  of  ede-edrie' 
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conductivities  is  illustr.ited  by  the  following  numerical  exi\mplc, 
SAMPLE  C^CULATIONS 

A  transfer  line  8  ft.  long,  4"  i.d.  is  transferring  LOX  at  a  rate  of  200  gpm. 


yl(  .002  poise  (’^  -  li.iuid  viscosity.) 
p  ■  1.2  gm/cm^  (’^  -  liquid  density.) 

D  -  4  X  2.  54  =  10.  2  cm  -  pipe  diameter 
NRe  -  -  8.  5  X  10^^ 

. f  -  0. 004  (+*). 

E  1.5 

Z  0.  1  voli;  esIimaU'd  from  '*''*'*. 


's 


.}  f  Nro  /rKtlo  U  Z  1.23x10-8  amp 


Kl'^o  1,.33x10"^8 

k  ir' 


S('C 


Vc 


Is  i 
A  k 


3.  46  X  10-2_ 
. 


voli 


^  EE()  1  i^ 
2  A  k2 


2.83x10-29  ni.j. 


k2 


'♦  Reference  28 
R('f('renee  24 
'**Referene('  15 
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TABLE  D-I 

EFFECT  OF  ELECTRIC  CONDUCTIVITY 
OF  FLUID  ON  IGNITION  HAZARD 


k 

T 

Vs  _ 

E 

Elect ric  Conductivity 

Relaxation 

Strc'aminp 

Enerpy  of 

mho/ern,.. 

n-j  rv 

X  i  1 1 1  V. 

PpContiaU  _ 

Disc! 

lai’iie 

mho/cm. 

sec 

volts 

m„ 

j. 

10-10 

. 00135 

34G 

.  283 

X  10' 

10-^' 

.  0133 

3460 

.  283  : 

X  10  ■ 

10-^2 

.  133 

34600 

.  0283 

10-13 

1.33 

3.  46  X  10^ 

2.85 

10-14 

13.3 

3.  46  X  10^ 

283 

10  13 

133 

3,  46  X  lO"^ 

2.  83  X 

104 

10-10 

1330 

3.  46  X  103 

2.83  X 

loO 

T;il)l('  D  I  sliows  (lio  ('ff('('(  of  tlu’  clech’ic  coiicliu'l i vily  of  llu'  fluid  in  (lu- 
lransf('r  sysluni  ('xampk'.  on  tlu'  ladation  linic  (which  i  .m  be  consich'in'ci 
as  a  ci'iU'rion  of  cha !’[;(■■  b'akaf^o),  on  du'  si la'aminp'  polonlial  and  ('iicr^y 
of  discharpfc  TIu'  hazardous  ranp'o  of  conducl ivil ics  is  10~^1  10  Ih 

niho/cni.  At  low('r  conducti viii('S  llu'  ladalions  us(‘d  for  llu'  ca Iculal ions 
do  not  apply  as  the  nunil)('r  of  chai'ped  parti{'les,  availabh'  in  the  system 
is  not  suffiei(’nt  to  pi'iu'iate  th('  lai’p('  ehai’pi'  indicated  by  the  etiualions. 

EFFEC1’  OF  IMPURITIES 

In  a  poor  conducting-  fluid,  tlu'  charpe  carryiiifi;  particles  are  the  sniall 
amounts  of  [lolar  impuriti('S  pi'('S{>nt  in  tla'  li(iuid„  Solid  iiiipai ritic-s  have 
.in  additional  effect  of  pt’ner.itin!^  static  charpu'S  at  their  surfaces  if  they 
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;irc  moving  ;it  a  (iiffi'ronl  voloviiy  than  tho  fluid.  Tim  magnifiuk'  of  (he 
hazard  d('jK'nds  also  on  the  natuia'  of  tlu'  impurity  as  a  eomustible  impurity 
in  LOX  can,  by  igniting,  initiate  a  great('r  explosion  than  the  electrical 
discharge  by  itself. 

A  useful  criterion  for  (he  ignition  hazard  would  be  the  electrical  con¬ 
ductivity  of  LOX.  If  mor('  than  oiu'  impurity  is  i)res(’nt,  oiu'  impurity 
can  enhance  or  defeat  (he  (dfi'ct  of  anotlu'r  (15),  Data  art-  not  available 
for  the  electrical  conductivity  of  puix'  or  impure  LOX,.  Since  pure  LOX 
does  not  generate  a  static'  charge  (1,  20)  it  can  be  assunu'd  that  its  con¬ 
ductivity  is  smalU'r  than  10-15  niho/Cm. 

An  addition  of  a  non-combustiblc',  soluble',  polai'  impurity  at  a  concen¬ 
tration  of  a  ft'w  ppm  may  im'rease  the'  conductivity  of  LOX  to  over  10"^^ 
mho/cm  whc'rc'  the  rate-  of  k-akago  of  tlu'  charge  is  higher  tlian  (he  rate' 
of  generation.  Such  impurihc'S  will  have'  to  have  low  melting  points,  some 
solubility  in  LOX  and  high  polarity.  NO2  or  SO3  may  serve  in  this  capacity. 

EXPERIMENTAL  WORK 

Flbc'rt  a.nd  Hoffman  (7)  in  a  sc'ric's  of  vc'i'y  carc'fid  ('xpc'i’iments  back  in 
1900  showc'd  lliat  pure  licpiic!  <ur  doc's  not  genc'ratc'  a  sla.tic  cha rgg'.  When 
hirgc'  amounts  of  solid  O2  wc'rc'  addc'd  to  the'  liciuici  air,  no  charge'  was 
ge-nerated.  Small  amounts  of  ice  causc’d  a  e'onside'iabk'  negative'  charge' 
ge'neration  by  mov.'nu'nt  of  the'  ice'  on  the'  lieiuid  surfae'e'.  The'  ice'  itse'lf 
Itecame'  positively  charge'd. 

Wejrk  done  in  the'  National  Bureau  of  Standards  in  1900  (20)  sliowe'd  that 
flenv  of  jture  liquid  oxygen  does  not  ge'ue'rate'  ek'ctrie'al  charge'  and  that 
ve'ry  small  amounts  of  moisture'  in  the'  fiOX  ge'iu'rate'fl  conside'rabk' 
voltage's.  Solid  particle'  contaminants  ge'ne'rage'd  voltages  of  orde'r  of 
matiy  kilovolts. 

Work  done'  bw  Air  Products  also  sliowe'd  that  pui'e'  liejuid  oxyipm  doc'S 
not  geimrate  any  chai'g'c-.  LOX  containing  2-3  ppm  CO2  did  not  ge'iierate' 
any  charge'.  LOX  containing  200-300  ppm  CO2  gi'iierate'd  3000  volts  in 
3  hours.  This  may  have  be'eai  due  to  some'  contamination  witli  watc'i', 

In  meist  case's  a  ne'gativi'  charge'  was,  eilise-rve'd  in  the'  LOX.  In  some'  e'ase's 
a  positive-  charge'  was  obse'r\e'el.  Tlie'  e'xae't  nature'  of  impurity  eamsing 
this  e'ffi'vd  was  not  e'siablishe  el.  iiratiiig  em  cooling  the'  coil  in  whie'h  tlu' 
ch.irge'  was  I’.-’ni' rab'-r!  elid  im!  e'tfe'e't  ttii'  rale'  eif  e'hargi'  ge'iie'ration. 
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CONCLUSIONS 

1.  Pure  liquid  oxy^c'u  does  no!  [’X'nerute  ;iii  eleelroslatie  charf;e. 

2.  Solid  and  dissolved  inipurilies,  i)arlieularly  waU'r,  in  the  LOX  cause 
an  electrostatic  charge  g('nerati(,)n. 

3.  The  liazardous  ranf>;e  ot  impurity  concentration  is  defined  by  electrical 

conductivity  of  LOX  of  10~^^  -  mho/cin„ 

4.  Tlie  cliarge  build  uj)  increases  witii  velocity  and  with  decreased 
diameter  of  tlie  transfer  line. 

RECOMMENDLU  PREVENTIVE  MEASURES 

1.  Ground  all  nu'tal  tanks  and  lines. 

2.  Maintain  LOX  f!'e(‘  of  solid  impuritic'S  and  coiitaniination  with  wat(0'„ 

3.  Us('  large  diametc'r  lines  and  low  velociiims„ 

4,.  Mc'nifor  tlu*  (doclric  conductivity  of  the  LOX. 

3.  Incr('as('  tin'  conductivity  of  LOX  abov<'  10"^^  mho/cm„ 
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AIM’KNDIX  K 


Cin'OCKNIC  LIQUID  HATCH  SAMi’LLI^S 
OHI'RATINC  TI'C'UNl^UITS 
AIR  PRODUCTS  AND  CHKMICALS.  INC,, 
MODEL  A3A 


PRINCIPLE  OF  OPERATION 

Tho  sampler  is  bast'd  on  tlu'  eomni'vi  principle  of  I r.i|)])infj;  a  known 
volume  of  a  e. ryopt'iiie  licjuid  within  ,i  hiph-pressn re  container  and 
allowing  the  liriuid  lo  vaporize  (o  a  hiph-pressii ri'  p,.iS(M)iis  sample 
l)y  normal  heat  h'ak,.  In  the-  aeopiirmp  of  a  samph'  Ihe  liquid  to  Ix' 
vuporized  to  the  hiph-pressurt'  pas  samph'  is  contained  in  Iht'  innei' 
cup.  (See  Fipurt'  E-1)  By  propt'r  manipulation  of  lh('  valves,  tlu' 
entirt'  contaiiK'r  is  filled  willi  the  litpiid  Ix'inp  scunph'd,  Tlu'i't'  is, 
tiu'refort',  a  jn'ott'ct iv('  litpud  blankt't  surroundinp  tiu'  samph'  liquid 
in  th('  iniK'r  cup,  which  prt'vt'iits  vaporiziition  oi’  fraclionation  of  thi' 
trappt'd  liciuid.,  This  suri'ounoinp  litpiid  blankt't  is  rt'iiiovt'd  at  a 
lapid  rat('  (approxiimib'ly  30  seconds  din-ation)  and  th('  inner  samph^ 
vapoi’izt'S  as  slait'd  above-,.  'I’his  mt'tliod  of  insuiatinp  tlu'  trappt'd 
liquid  i)y  idt'iitical  cold  litjuid  is  oik'  of  tin'  imitpu'  ft'atui’t'S  of  this 
samph'r  (proprit'la I'V  devt'iopment  -  i)a(ent  protection  antieipat('fl) 
and  allows  it  to  obt.iin  a  more  |•('l)r('S('ntativ('  samph'  than  would  Ix' 
obtained  by  ofli.ei'  "trapped  li([ui(i-vaj)ori  zat  ion  tt'chniqut'S ,  " 


SPECIFICATIONS 


Casinp  size  -  23"  .\  12'  x  8-.'p  4" 

Wt'ipht  -  30  pounds  (ineiudinp  e.is(') 

Pix'ssui’c  tdmits  -  Full  vacuum  t(i  2000  psip„ 

Pi'cssure  Oaupe  -  0  le  2000  |>sip. 

Pi'essurt'  Cylin'ler  'I’ypx’  3!i4  Slainh'ss  Steel  seamh'ss  pipt',,  Walls 

0.237"  thick.  Pressurt'  cyliiuh'i’  raft'd  at  3000  psip. 
I'iatdi  valvt'  ('tpiqipt'd  with  an  1H00  psip  i'U()ture  disc. 
V.ilve  seals  .md  seals  made  of  Kel-F. 
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Valves  -  Brass. 

Liquid  Sample  Size  -  17.0  cubic  inches. 

Cylinder  Displacement  -  Approximately  150  cubic  inches. 

Gaseous  Volume  (Oxygen)  ~  14.  500  cubic  inches  at  standard  conditions. 
Final  Sample  Pressure  (Oxygen)  -  1300  psig. 

SAMPLING  INSTRUCTIONS 


The  sampling  instructions  are  contained  within  the  lid  of  the  sampler 
carrying  case  and  are  reproduced  lieie  as  Figure  E-2. 
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SAMPLF  INSTRUCTIONS  ’ 


I'l.H'c  ()|icni '.I  (  ■lil.iiit  I  in  Uj>:  i.it!  I’n:' l!  li'.n  ;i'-:  In  Itii'  Ainnn' Sketch. 

HH  NOT  H  i,!:i:!)  'I  Hi;  riH'.OiiNi:  i  IniM  lAMrCi';  ('Vi.INniOC 
Alincli  the  ('ii|ii;i  1'  'l  ull-'  I  i'inM  I  C  iiiclnr:;  (i))  to  Va  lveH  (li)  &  ((,').  Tighten 
tlie  ni'I'leclors  so  Ih.il  ;!iev  Point  (Averhnnfil  on  the  C('tt  Mntui  Side  of  the 
Contai  ner. 

Usini^  Appi'opriate  Adapters  Oonnerl  the  Sample  Idnf’  lletwm'n  Hleed  Valv(> 
( P)  K'  Sa  mple  V.i  !ve  (A). 

CAUTION:  Ni:Vi;i.:  ATTl'MP!'  TOSAMPCI':  A  TANK  OH  SYSTKM 

V.IlH  II  !;A:^  NOT  IIAI.)  A  ni,h:i';i)  VACVK  (!■)  ATTACHED 
i'i  !  rill'  oAMiM  VA  UVi:  (C), 

Tlphien  Ail  Siimple  Pine  (  imneei  Pm:-:  :ind  Slowly  Open  Valve  (A)  Allowliif:! 
the  Sample  Piin‘  |o  p.,  Pnii  'n  d  th.nnij  h  Valve  (h). 

When  7h  oi  til"  Pr'".',ii!-e  la  do- Samider  has  Inasi  P)epleted,  (.,’]oH('  Valve 

(P). 

I’urpe  Viiive.a  d’)«v  (!  )!)',  Alleniiiely  Opiadni;  and  Chi.slnp  llnase  Valve.s 
until  tile  Hem, lilt!  )■;  iT'  aii  Is  i>'-pl<’U'  l,  Valve:-!  (U)  (C)  .s'honid  he 

Closed  At  tile  Undoi  this  ( ip.  ,  ,i  |  i,-m. 

Open  Valve  (C).  cprii  \'alve  (I’-).  \'.i!ve  (A )  Should  he  OpiMi  from  Step  4, 
the  S.implei'  will  lU  e.in  to  1-ill  will)  i.iipihl. 
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f’OSMODYNK  C’OI^POIUTION 
MODK!,  t:S44 


PRINCIPLK  OK  OIMOLA'I'ION 

'rile  ('osmodync  ( ’ry()L’,cni(  Siimplc!'  opci'iih'S  on  ilu'  shioldocl  cup 
pi’incipio  -  that  is,  llio  liquid  iisidf  is  used  to  cool  a  shieddinp  sixicc- 
and  sampling  cup  |)rior  lo  Ihc  inh-ockud ion  of  fiaash  liquid  to  llu'  sampling 
cup,  Fipui('  14-3  is  a  sclu'iuaiic  of  Ihc  sainpk'r's  arrangement.  It 
consisis  of  two  cups  l!iC.!l<'d  iiiside  <i  pressure'  vessel  with  iidi't,  out¬ 
let  and  sampliiu',  valve'  locate'd  as  showia  Accurate  sampliiif;’  requires 
the  iniK'r-niost  cup  to  he'  precoeeU'd.  This  is  done’  by  allovvini;'  liquid 
to  fleiw  in  the'  inU’t  peii  l  and  he'tvve'e’n  the  shielding'  cup  and  sampling 
cup  with  the  sampliiuy  valve*  cleese'd  so  that  ne)  li(|uid  (’liters  the’  sampling 
cup.  After  the*  sampline;  eaip  is  ade’quate'ly  cooled,  the'  sampling  valve*  is 
o|)ened  lo  admit  lieiuid  into  the*  cup.  When  the’  valve’  is  re’close’d,  the 
lifluid  is  trappe'd  in  the'  sanqiie’r  and  wall  vapori/e  as  a  re’sult  of  atmos- 
lihe'ric  heatinp.  Once  llu'  sample'  is  Lr.ipjeed  tlu-  flow'  of  liquid  is  shut  off. 
IJnde'r  ordinary  condilions  (70F  e'livi ronme’iit),  the’  sample  will  compk'le'Iy 
vaporize'  w'itlmut  addilional  h.e'atini;  in  approximale'ly  fifte’e'n  minute’s,, 

After  the'  lieiuid  becomes  a  pas,  it  can  be'  analyzi'd  by  any  one*  of  seve'i'al 
conve’iilional  labeeraloi'V  insi  rume'nts. 


SPKOIFICA'I'IONS 


Casinp  Size*  -  H"  x  fi"  \  I'i  I  - 4" 
Weifdd  -  20  ll)S 

I'dnal  Sample  P re'ssu re'  -  500  jisip' 

Ma  le  laa  I  -  Sla  inle'ss  Ste'e'l 

Volu  me'  lit  ( 'vl  i  nde '  r  -  't .  !  I  it  e  rs 


SAMPFINO  Pb'Oi  'I'diFPI-: 


1.  Pi'e'ssiiiaze  liejiiid  lank  as  de’sired. 

2  Pemove  tui')  i>i  c.!  la’vnu'  e  a'-.r 
3.  Id' nnu’i  ndi'i  and  i 'lit  h-l  e  a ps 

4  t'linnecl  I  2"  till  line'  from  lieiuiel  lank  to  samph'i'  inh'l, 
5.  ( )pon  lii|iiid  lank  out  h  !  \a  I’.e 


127 


c/fcA  'T^^^ioc/uctl  attd  C/iemicaU 


6.  Allow  saniiih'r  to  cool  iiiili!  steady  flow  of  liciuid  afipcarSn 

7.  Open  sanipliap  valve  by  iuiaiinp'  handh’  at  toj)  of  sanipU'i’  until 
it  st(jps, 

8.  Close  sanipliiip  valve, 

9.  Close  liquid  tank  outlet  valve. 

10,  Disc(jnnect  fill  line„ 

n„  Rc'plaee  inU't  and  outlet  eaps„ 

12.  Replace  lop  of  can'yiiif;  cas('„ 

SAFETY  PRECAUTIONS  IN  SA!VI]>LER  USE 

Normal  rules  involving  the  saf('  handling'  of  cryogenic  liquids  and/br 

oxidants  should  be  applied  in  the  use  of  this  sampler.  Spec'ific  rules 

for  safe  operation  are  listed  below: 

1.  In  sampling  cryogenic  liquids,  protect  the  body  from  contact  with 
the  liquid  or  cold  piping  by  using  acceptable,  ai)prov('d  gloves,  a 
hood  and  a  hard  hat,  if  necessary.  If  protection  is  not  providial 
for  the  face  and  (’yes  with  a  hood,  a  transparent  face  shi(’ld  should 
be  worn. 

2.  Tlu'  major  hazard  invoiv('d  in  tlu'  use  of  this  samph'r  is  the  possibility 
of  the  opc'iator  inadvertently  trajiping  cold  liquid  in  a  closc'd  section 

of  piping.  This  |)ossibility  is  i)rotect(’d  against  by  the  use  of  saf('ty 
discs  in  tlu’  samph'r  its('lf..  Ilowc'ver,  (’xtrc'nu'  car(’  and  caution  should 
be  ex('rcis('d  in  tlu'  handling  and  manipulation  of  the  samph'  liiu'  and 
assoc.iat('d  piping  to  pix'vent  trapping  licpiid  in  a  cios(’d  liiu'  Ix'twc'c'n 
the  samph'r  and  the  samph'd  tank  .  B('fore  closing  any  valve  bc’twc’en 
the  sam|)h.’r  and  tlu’  samph'd  tank,  the  opc'ratoi’  should  assure  himself 
that  licjuid  will  not  be  trappc'd. 

3„  Norma!  ca  re  concei  niiif’' smoking,  open  flanies,  static  charge’s,  c'tc. 
should  be  ex('i'cised  when  sampling  liquid  oxygf'U.  Special  car(' 
should  b('  (’X(’rcis(’(l  after  tin'  opc'rator  has  bc’on  in  prolongc'd  contact 
with  oxyg(’ii  vapor  to  assure  that  his  clothing  is  w(’l!  purgi'd  lu'fore 
exiiosing  liimself  to  an  ai(’a  where’  op('n  flanu's,  static  chai’ges, 
smoking,  etc.  might  Ix'  prerah'nt. 
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Fig-urc  K-3.  Cryoi-^cnic  Gas  Samplrr 
Cc)sni()(iYn('  Gorporalion 


"PkoctucU  aru/  C/iCmiCXl^ 


APPENDIX  F 

ACETYLENE  SPOT-CHECKING  PROCEDURE 


1,  ANALYSIS 

Tlic  acc'tyU'iu'  conliMit  of  llu'  liquid  oxyqoii  is  ci('t('rmiiu'd  fi’oni  (ho 
color  intonsify  produced  by  a  choinica!  reaction  willi  tlu'  aci'tyleiu’. 


PRINCIPLE  OF  OPERATION 


The  liquid  oxyi’en  samph'  is  pourc'd  into  a  tube  which  contains  a 
small  amount  of  silica  g('l  and  which  is  held  at  liquid  nitrogen 
temperature.  The  gel  and  the  liquid  are  well  mixed,  the  sample 
is  decanted  and  th(>  gad  is  imnu'rsed  in  a  small  amount  of  acetylene 
test  solution.  The  acetylene  reacts  with  the  solulion  to  form  flu? 
red,  copper  acetylidcq  compU'x. 


3.  TEST  EQUIPMENT 

The  test  eciuipment  consists  of  a  1  (luart  sample  colh'ction  d('war 
flask,  a  1/2  pint  widc'-moutiu'd  (k'war  flask,  a  rack  for  Ic'st  tub(\s, 
a  test  tub('  (damp,  a  glass  stirring  rod,  a  droiq)ing  bottk',  a  laxiga'iit 
bottle,  six  t('st  tubes,  color  standards,  chemicals,  and  silica  gad 

a.  Dewar  Flask,  A  one-quaid  D('war  flask  (1)  is  us('d  to  obtain  and 
holcFa  llqurd  oxygam  sample. 

b„  Test  Tube  R.tck,,  A  lest  lube  rack  (2)  for  holding  flu'  t(\sl  tulx's  is 
included.  Store  th('  tube's  in  th('  cari'ying  kit. 
c.  T('st  Tube’  Clamp-  A  wire  Ixmd  (damj)  (3)  holds  tlu'  cold  t('st  tulx' 
t(,)  pia'Vent  liquid  oxygen  burns. 

(1.  T('st  Tulx'S-  There  a  six  six-inch  pyia'x  tub('S  (4)  calibrate'd  at 
the  3  ml  and  20  ml  h'vels 

('.  Dropping  Dotth',  This  botlh'  (3)  is  used  to  add  dro|)S  of  the'  hy- 
droxylamiiK'  hydrochloride'  to  (he  le'st  tube'. 

f.  Wid('"Moidh('d  Di'war  Flask.  I’lie*  te'st  tube'  sample'  is  suiiporte'd 
in  this  1/2  [lint  flask  (fi)  by  the'  te'st  tube  (damp  during  the  test. 

It  contains  the'  li(]uid  nitroge'ii  use'd  in  sub-cooling  (he  sample. 

g.  Carrying  Kit.  The'  wooden  or  me'lal  kit  (7)  is  fabricated  feir 
conve'nienl  cai'rying  of  the'  testing  apparatus. 
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h.  Tost  Solution  Addition  Bottle.  Tliis  buttle  is  used  for  simple 
and  liceurate  I’eapcnil  addition  (8). 

i.  Color  Standards  and  Comparator  rbu'k.,  (9) 

j.  Glass  Stirrinp;  Rod,  Tlie  plass  slii’rinp  rod  (10)  is  used  to  mix 
tlie  liquid  oxypam  sample  with  llu'  silica  pel,. 

4.  ACETYLENE  TEST  SOLUTION 


TO  >’ 

XIV,  |.»tC  X 


e  th.c  test  solution  as  follows; 


Step  L  Add  one  pram  of  solubU'  starch  to  10  ml  of  distilled 
watei'  and  stir  to  form  a  thin  paste.  Pour  paste  into 
200  ml  of  boiling  distilled  water  and  stir.  Allow  to 
cool. 


Step  2.  Dissolve  5  grams  of  copper  sulfate  (CuS04  ■  5H20)  in 
a  one  liter  volumetric  flask. 


Step  3,  Add  50  ml  concentrated  ammonium  hydroxide  (Specific. 
Gravity  at  60"/60'’F  -  0.900;  Assay  28,.  4%  NH3)  to  the 
coi)p('r  sulfal('  solution. 

Step  4.  Add  the  starch  solution  prc'pared  in  St('p  1  to  the  copper 
ammonia  solution  and  dilute'  to  tiu'  oiu'  liter  mark  with 
distilh'd  wat(o-.  Store  in  the  test  solution  addition 
bottle  (8). 


NOTE;  This  acetyh'iie  test  solution  has  a  ch'c'])  bliu'  ('oloi-ation. 


5.  HYDROXYLAMINE  IIYDROCIIL, GUIDE  SOLUTION 

Dissolve  30.0  grams  of  hydi’oxylamiiU'  hydrochloi’ich'  in  100  ml  of 
distilh'd  Vv;\t('r  and  store  in  tIu'  4  o/„.  poly{'thyh'n('  dropping  bottl-e  (5). 


6.  TEST  PROCEDURE 

Pui’pc’  the  sampl('  liiu'  befotu'  pi'ocuringa  litiuirl  oxygu'ii  sample. 


1:1 1 
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Pi'fM'ool  llu'  OIK’  (luai'l  Dcwai'  flask  by  filliii}.’,  i(  wilh  licjuid  oxy^'oii 
from  tiu’  s.im|il('  line'.  Allow  lo  slaiul  al)ou(  oik'  minu(('.  Discard 
contc'iils  of  Dc'waraiul  refill  from  samph'  line 

Use  a  clean,  dry  150  mm  by  20  mm  Pyrex  l(’sl  fiilx'  calibrated  at 
the  3  ml  and  20  ml  levels  to  perform  tlu'  t(’sl. 

Add  1/4  ml  (0.3  [^rams)  of  IIk'  silica  ipd  powder  t('  tIu'  li’st  tube, 
and  slowly  imiiK'rse  the  lest  lube  into  llu'  wide-moul Ik'cI  di'wai’ 
whicdi  has  ptx'viously  beim  filh'd  wilh  litpiid  nitropen.  Usinp  tlu’ 
t(  sf  tube'  clamp  as  a  "i-est"  (.)n  the  ('dpe  of  tIu’  th'war,  siii)porf  the 
test  tui)('  in  an  upripht  position  so  that  IIk'  h'vcd  of  litiuid  nitropen 
is  at  or  slipiitly  above  llu'  20  ml  mark  on  tlu’  liib(',  I^jur  llu'  liquid 
oxyp(’n  samph'  from  ilu'  samph'  eollecfitin  ch'war  iido  llu'  subcooled 
t('st  lube  to  th('  20  ml  mark. 

Slowly  immei'S('  tlu'  plass  sliri'inp  rod  into  the  liiiuid  nitropen  in 
th('  ch'war  until  it  is  eooh'd  R('mov('  the  stii'rinp  rod  and  imnu'rsc' 
it  in  the  liquid  oxypen  samph'  in  IIk'  t('st  tube  and  stir  for  oiu'  and  oiu' 
half  lo  two  ndnutes.  In  stirrinp,  att('mi)t  to  brinp  all  of  Ihc'  liciuid  in 
the  lube  in  contacd  wilh  llu'  pc'l. 

Aft('r  stirrinp  th('  laaiuired  time,  r('mov('  llu'  stii'rinp:  rod  fi'om  llu' 
tube  and  allow  the  pi'l  to  sc'tth'  to  tlu'  bottom  (appi'ox..  5  sc'conds), 
R('mov('  tIu'  samph'  lulx'  from  llu’  licpiid  nitropen  bath  and  pour  out 
(d('canl)  all  of  th('  licpiid  oxypen.  Ix'inp  cai'C'ful  to  k('('|)  IIk'  p('l  in  tlu' 
bottom  of  the  tulx'.  As  (piickly  as  possibh’.  add  IIh'  a.celyh'ne  test 
solution  from  th('  t('sl  solution  addition  botth'  to  llu'  3  ml  mark. 

Wlu'ii  lh('  solution  has  warmed  to  ambit'iil  conditions,  add  exactly  12 
drops  of  the  hyd  I'oxy  la  mine  hydrochloride  solution,  and  allow  llu' 
lest  tube  to  stand  foi'  15  minutes  for  full  coloi'  de ve loimK’iil , 

The  appearance  of  any  jiink  or  r<'d  cidoi'  indicalc’S  the  presence  of 
acetylene.  Pompari'  any  cidor  developed  wilh  the  standai'fls  to 
determine  tin’  acetylene  concent  ra  1  ion , 

7.  PRKPARATION  OK  ('OI.OR  STANDARDS 


1.0  Molar  PPM  Ooloi- Standard  -  Add  2.0  ml  concentrated  hvdi'o- 
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chloric  acid  (Spt'cific  Gr.ivity  at  (50''/60"F  1.  191;  Assay  37.7%  HCl) 

to  150  nil  distilled  wat('r  in  a  hcakt'r  and  stir.  Add  tlu'  following 
accurately  w('iph('d  quantitif'S  of  Colialtous  Chloride'.  He.xahydrate; 
Cupric  Sulfate,  PcMitahydrale;  and  Feo-ric  Chloride.  Hexahydrate 
to  the  beaker. 


CoCl2  •  6H2O  -  10.  OOpms 
CuSOq  .  51120  -  2.00  pms 
FeCl3  •  61120  -  0.30  pnis 

Stir  until  dissolved  and  (luantitatively  li’ansfer  to  a  200  nil  volumetric 
flask.  Dilute'  to  the'  mark  with  distille'd  wate'r  and  shake  well. 

Add  about  15  ml  of  this  seilution  to  a  150  mm  by  20  nini  Pyrex  Te'st 
Tube  and  seal,  I’ho  color  and  color  intensity  when  viewe'd  from  the 
side  of  the  tube  apainst  a  white  backpreiund  is  essentially  equivalent 
to  that  prodiu'ed  by  liquid  oxypen  containinp  1  pjim  a.cetylene  when 
tested  in  accordane'e  with  the  above'  proe-edure. 

0„25  Molar  PPM  Coleir  Standard  -  Add  2.0  ml  cone'.entrated  hydro¬ 
chloric  acid  (Specifie-  Gnivity  at  r)0"/60"F  ]„191:  Assay  37.  7'’() 

HCl)  to  150  ml  distilled  water  in  a  be'ake'r  and  stir.  Add  the' 
feillowinp  aea'urately  we'iplu'd  quanlitie'S  e)f  Coballe)us  Chloride, 
Hexahydrate;  Cuprie'  Sulfate,  l^entahydrate';  and  Fe'rric'  Chloride', 
H('xahydra,te  to  the  beake'r, 

C0CI2  •  6H2O  1.90  pms 

CuSOq  •  5H2O  1,30  pms 

FeCl3  •  61120  0.  20  pins 

Stir  until  elissolve’el  and  ejuantital ively  transfe'r  to  a  200  ml  volunu'lrie' 
flask.  Dilute  to  the'  mark  with  dislilh'd  wate'r  and  shake'  we'll. 

Add  abeeut  15  ml  eef  this  se)lutie)n  te)  a  150  mm  liy  20  mm  Pyre'x  Te'st 
Tube'  and  se'al.  The'  e'e)loi-  anei  e^eileir  inle'usity  whe'ii  viewe'rl  from  Ihf 
siele'  e)f  (he  tube'  apainst  a  wliite'  iiae'kpi’ounel  is  e'sse'iitial ly  e'eiui vah'nt 
ti'  that  'preieiue’e'el  l)y  liejuiel  eexype'u  e-eintaininp  0.25  ppm  ae'e'tyh'iii'  wlu'ii 
ti'ste'd  in  ae'e'Dreiane’i'  witii  the'  aiieive'  preM’e’elure'. 
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8.  SPARE  PARTS 

Spare  parts,  spare'  parts  lists,  and  iirices  art'  available  from  du' 
Spare  Parts  Departir.ent. 

9.  ADDITIONAL  COLOR  STANDARDS 

Sealed  tubi's  of  color  standards  equaling'  0,  1,  0,  25,  and  0,  50  |)pm 
acetylene  by  wei<;ht  for  use  in  compliance  with  Air  Foret'  pro- 
pt'llant  oxygen  and  nitrogen  specifications  are  available  from  Hit' 
Spart'  Parts  Dt'partnient  of  Air  Products,  Incorpt)raled.  Tbt' 

1,  0  ppm  and  0.25  ppm  colt)r  standards  described  in  paragraph 
seven  (7)  above  are  prepared  as  molar  conct'iitrations,, 


n 

f  . 


1 .  .Sample'  (’i)ll('('(inn 
Dcwai' 

2.  T(\<(  'I'ulx'  Ikiek 
2.  I'cst  Tab'.'  riami' 


A.  'I’csi  'I'llbcS 

1).  I)i oppiiii',  |fi)lt  Ic 

f).  Wide  n'cw.ii' 


Cairryinj'.  Kit 
H.  Rcap.cnl  llnlllc  ('I'csl 
soliil  icii  addil  ion) 

9.  C.'olor  Sianda  rds  K' 
("omp.i  !'l  ■■  O'  I?a  (  !•; 

1  n.  SI  1 1' e  1  ii!'.  Rod  (( i la  .as) 
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